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Abstract
Chapter one is a general introduction to lubricant 
degradation. Subjects discussed include the problems associated 
w ith oil degradation, the mechanism of the autoxidation process, 
products generated by autoxidation, m ethods used for controlling 
the autoxidation process, the reasoning for constant lubricant 
developm ent and the conventional industrial screening tests. The 
concept of the radical clock, and the rationale for testing an  
antioxidants ability to trap alkyl radicals, are also introduced.
Chapter two deals with the m easurem ent of the ra te  
constant, k^, at which the am inyl hydrogen is rem oved by alkyl 
radicals from  4,4’-disubstituted diphenylam iaes. The m ethod used 
was based on the ability of some radicals ' to rearrange 
irreversibly. The radical clocks employed for this study were the 
5-hexenyl and the neophyl rearrangem ents. Results indicated that 
the 5-hexenyl radical rearrangem ent was too fast so aU the 
quantitative results were obtained using the neophyl 
rearrangem ent. The alkyl radicals were generated by the 
decomposition of a diacyl peroxide. Problems encoim tered with 
this source were radical disproportionation and heterolytic 
scission, both of which form  2-m ethyl-2-propenylbenzene. 
Various m ethods of overcoming these problem s were discussed 
and, by taking into account the alkene form ation, kj| was obtained 
for a  variety  of diarylam ines a t differing tem peratures. From 
these results the Arrhenius pre-exponential factors and activation 
energies were obtained. Log k^ was found to correlate with op+ 
values for the para substituents. The experim ental results show 
th a t diphenylam ines with electron releasing substituents in the
V
p ara  position were the most efficient at trapping alkyl radicals; 
this was found to correlate witli kinetic studies involving peroxyl 
radicals.
Chapter three describes the m easurem ent of the rate  
constant, k^, a t which the phenolic hydrogen is removed by alkyl 
radicals from 2,6-di-t-butyl-4-substituted phenols. For this study 
the neophyl radical rearrangem ent was used. Solutions to 
problems associated with radical disproportionation and 
heterolytic scission are again suggested. The experimental results 
show that phenols with electron withdrawing substituents in the 
p a ra -  position were the most efficient a t trapping alkyl radicals. 
Kinetic studies w ith peroxyl radicals give the opposite result in 
tha t phenols with electron releasing substituents in  the para  
position were the m ost efficient.
Chapter four deals with the testing of 4,4 '-disubstituted 
diphenylam ines with existing industrial screening tests. The 
results show th a t in  general diphenylam ines with electron 
releasing substituents in the para  position were the most efficient 
antioxidants. The effect that the lubricant basestock has on these 
results was also investigated.
Chapter five deals with slow release antioxidants. These 
com pounds were designed to release a  fresh supply of antioxidant 
as the original m aterials are consumed. Compounds under 
consideration were the N-amides, N-silyl diphenylamines, N- 
oxides and N-eûkyl diphenylam ines. Of these only the JV^alkyl 
diphenylam ines were fu rther investigated using flash vacuum  
pyrolysis (FVP) an d  the industrial screening tests. The FVP results 
indicated tha t the N-alkyl diphenylam ines were decomposing by 
cleavage of the N-C bond, although other mechanisms w ere
VI
probably im portant. The industrial screening tests m dicated that 
the decomposition involved the oxidation of the nitrogen to the N- 
oxide which easily decomposed to the hydroxylamine, an  active 
antioxidant.
Chapter six gives a brief summ ary of the experim ental 
results and  the conclusions derived from them.
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Chapter 1 
Introduction
1.1 The functioning of a lubricant
One of the most im portant components of every engine is 
the lubricant oil. There are a num ber of functions it performs 
within an internal combustion engine. First of all it provides a thin 
film of oil between moving parts thus reducing friction and wear, 
furtherm ore it cools some components, keeps parts clean, protects 
against corrosion, seals the com bustion pressures within the 
piston ring zone and rmnimises com bustion cham ber deposits.
All the lubricants used w ithin a car engine are based on 
hydrocarbon oils of some type, and  have to perform  all these 
functions at high tem peratures and  pressures in the presence of 
oxygen, dissolved metals and blowby products of the combustion 
process. Normally under such conditions the basestock would 
undergo rapid  autoxidation.
The problem s that arise from  lubricant oxidation include 
increases in viscosity, the form ation of various deposits and the 
generation of acidic compounds which can lead to corrosion. This 
in tu rn  leads to decreased oü lubrication, blocked oil ways and in 
extrem e cases even to engine seizure.
The mechanism involved in  the degradation of a  lubricant is 
a free radical autoxidationi,^ .
Autoxidation
Autoxidation is the reaction of organic compounds w ith 
atm ospheric oxygen under ntild conditions. The initial products of 
tills process are the hydroperoxides, but through the 
decomposition of these hydroperoxides, other oxygenated 
products such as alcohols, ketones and  carboxylic acids are 
formed. These products are form ed by a complex sequence of
simple reactions which can be represented by the following free 
radical chain reaction.
1) Initiation 
Production of free radicals
2) Propagation
RO2' + RH -> RO2H + R •
R * + O2 "> RO2*
3 ) Termination
2RO2 > molecular products
Schem e 1.1 
Schematic overview of the 
autoxidation process
1.2 The Initiation reactions
There are num erous ways in which autoxidations can be 
in itiated  within a fired engine. The combustion process itself 
releases large num bers of free radicals, some of which escape past 
the piston rings to eventually end up in the lubricant. However, 
once the autoxidation has become established, the most im portant 
source of radicals is the decomposition of hydroperoxides^. This 
decomposition can either occur by a simple unimolecular process 
in  which the radicals are form ed via a  unimolecular, homolytic 
scission of the peroxide bond to give alkoxyl and  hydroxyl 
radicals;
R—O— O—H ----► R—O* + H—O
Schem e 1.2 
Unimolecular decomposition 
of hydroperoxides
or by the energetically favoured bimolecnlar reaction in which the 
hydroperoxides first form hydrogen bonded dimers. The 
decomposition occurs via a concerted reaction in which both 
molecules decompose at the same time to give an alkoxyl radical, 
a  peroxyl radical and water.
2 ROOM DIMER
R— O — 0 ’"H— O—O—R ------^ R— O—C) + R—C) + HgOA
Schem e 1.3 
Bimolecular decomposition of 
hydroperoxides
The m echanism  by which hydroperoxides decompose depends on 
their concentration and the tem perature of their environm ent. At 
high peroxide concentrations and  tem peratures below lOO^C the 
bimolecular process is favoured, whereas a t high tem peratures or 
low peroxide concentrations the unimolecular decomposition is 
prevalent.
Hydroperoxide decomposition is also catalysed by a variety  
of transition metalsA The most im portant of these is iron  as it is 
always p resen t within an engine. The catalytic decomposition of 
hydroperoxides is thought to occur via a redox cycle in which the 
metal ion can undergo both oxidation and reduction reactions with 
the hydroperoxide. Oxidation of the m etal centre gives an  alkoxyl 
radical and  a hydroxide anion, whereas reduction of the metal 
centre gives the hydroperoxyl radical and  a  proton.
Oxidation of metal centre
+ ROOM —  + RO' + OR-
Reduction of metal centre
,y,(n+i)+ + ROOM —  + ROD" + H+
Scheme 1,4
Metal catalysed decomposition of 
h y d ro p ero x id es
1.3 Propagation reactions
The two m ost im portant propagation reactions in any 
autoxidation at low tem peratures, with ample oxygen, is the 
com bination of oxygen with alkyl radicals to form  peroxyl 
radicals;
R- + O2 %=!: ROO*
Scheme 1.5
Formation of peroxyl radicals
and their subsequent reactions with the basestock giving alkyl 
radicals and hydroperoxides, which in turn can in itiate further 
radical reactions.
ROO" + RH — -  ROOM + R"
Scheme 1.6
Reaction of peroxyl radicals 
with hydrocarbons
Peroxyl radical formation
Oxygen is not reactive enough to combine directly with the 
lubricant but will combine with alkyl radicals at rates close to the 
diffusion controlled lim its, to form the peroxyl radical. The 
reverse reaction is normally unimportant, but as the temperature
rises, the alkyl radical plays an increasingly im portant role in the 
autoxidation processes.
Hydroperoxide and alkyl radical form ation
Alkyl radicals are form ed rapidly by hydrogen abstractions 
from  the basestock, by hydroxyl and  alkoxyl radicals o r by p- 
scission of alkoxyl radicals bu t both the alkoxyl and  hydroxyl 
radicals are generated from the decomposition of hydroperoxides, 
consequently the rate at which an  autoxidation proceeds is 
dependant upon the rate a t which peroxyl radicals can abstract 
hydrogen from the basestock to form  the hydroperoxide.
The ra te  a t which peroxyl radicals can abstract hydrogen 
from  the basestock is generally dependant upon the strength of 
the bonds which are broken and  those which are formed. The 
ROO-H bond has been m easured a t 88 kcal mol~i 5'which is w eaker 
than  alkyl C-H bond (95-98 kcal mol"i) bu t stronger than  the allyl 
or benzyl C-H bond (ca. 76 kcal mol~l), whereas the strength of 
the RO-H and HO-H bond are about 104 and  110 kcals mol“l 6 
respectively. On bond energy considerations alone it would be 
expected tha t peroxyl radicals would be m uch less reactive than 
the alkoxyl or hydroxyl radicals and  m ore selective in their 
reactions, as they would have difficulty in  abstracting hydrogen 
from  alkanes to form the hydroperoxide, bu t would instead 
preferentially attack allyl and  benzyl hydrogens.
Experimental observation proves tha t alkyl arom atics and 
allylic hydrocarbons do indeed undergo autoxidation m ore readily 
than  alkanes73.
1.4 Term ination reactions
The term ination reactions effectively remove radicals from 
the autoxidation process. W ithin a fired engine the most important 
radical term ination reactions is the combination of two peroxyl 
radicals, to form  a tetroxide interm ediate. The tetroxide then 
decomposes to form the alcohol, ketone and singlet oxygen.
^  (t A o  R'2 R - c - o - a  —  ' . R
H R'  ^ H H
Fk_ Fkp i/  C— O 4- O2 
H
Schem e 1.7
Term ination reaction involving 
two peroxyl radicals
1.5 Products of lubricant autoxidation
Although a wide range of products are form ed in the 
autoxidation of a lubricant, the actual processes involved are 
relatively simple. The initial products of the autoxidation are the 
hydroperoxides, these are form ed by the hydrogen transfer 
between the peroxyl radical centre and unreacted basestock (see 
schem e 1.6), these  hydrogen  abstrac tions can be both  
intermolecular and intramolecular in nature^TO,
In term o lecu la r reaction  g ives sim ple m onofunctiona l 
p roducts;
ROO* + RH — -  ROOH + R*
Schem e 1.8
Interm olecular hydrogen abstractions 
by peroxyl radicals
whereas the intramolecular reaction gives more complex, 
multifunctional products.
0 0 *  Y OOH
— CH“  {CH2)~CH~ ----- — — O H -(0132)^0*^1-
OOH 00*O2  I I ^  — OH—(0 H2)7 "CH— x=1 or 2
Schem e 1.9 
Intram olecular hydrogen abstractions 
by peroxyl radicals at a m ethylene group
The peroxyl radical can again undergo further intram olecular 
hydrogen abstractions, either abstracting hydrogen from  a 
methylene group:
OOH OO* Y OOH OOH
— OH- (OH2)—C H - (OH2)—OH- —^  - O H -(0 H 2 ) rC H -  (OH2)—C'H-
Schem e 1.10 
Further peroxyl radical attack a t a 
m ethylene group
or attacking the hydrogen at a  hydroperoxide group;
OOH 0 0 *  OOH OOH
— OH—(OH2)5r‘OH— -----------► — O— (OH2 )—GH—
OOH OOH OOH OOHO2 I I R—H I I^  — O— (0H2)-CH- — O— (0H2)x-CH-
0 0 * OOH
Schem e 1.11 
Peroxyl radical attack a t the 
alpha-hydrogen of a hydroperoxide
8
If the alkyl hydroperoxide radical does not combine with oxygen 
then it can decompose to form a hydroxyl radical and a ketone.
OOH OOH O OOH
— Ç— (CHg)—C H - --------- — C— (C H gjrC H - + OH*
Schem e 1.12 
Decomposition of an alkyl 
hydroperoxide radical
The alpha-gamma hydroperoxide ketones formed in reaction 1.11 
can undergo cleavage to produce a  carboxylic acid and a 
methylketone.
S’ yCH,
R'— C -C H a— C H -R  --------------   C ''C H -R
R' j b - d
H
? ‘R'-
OH
0IIR’-
O' O O'
2—C H -R  --------R'— C  + 'O H o-CH -R
^OH
OH +
Schem e 1.13 
Cleavage of alpha-gam m a 
hydroperoxide ketones
Two peroxyl radicals can also term inate forming a ketone and an 
alcohol, (see section 1.4)
The decomposition of hydroperoxides generates alkoxyl 
radicals (see section 1.2), which can also undergo both 
interm olecular and  intram olecular hydrogen abstractions, the 
interm olecular reaction gives a simple monoalcohol;
RO* + R—H —^ RO-H + R*
Schem e 1.14 
Intermolecular hydrogen abstractions 
by the alkoxyl radical
whereas the intram olecular reaction again leads to more complex 
m ultifunctional products.
O' H OHI I I— CH-(CH2)2-CH- -------- —-CH"(CH2)2-C*H“
OH 00* OH OOHO2 I I RH I I► — CH—(CH2)2"CH—  ► — CH“-(CH2)2"*GH—
Schem e 1.15 
Intram olecular hydrogen abstractions 
by the alkoxyl radical
The peroxyl radical form ed can abstract the hydrogen from the 
alcoholic carbon, this can react with oxygen forming a  ketone and  
a hydroperoxyl radical.
(j)H ^O* OH yoH
— CH“ (CH2)2~CH— ---------► — C— (CH2)2““CH—
Oc O OOHII I— C— (CH2)2~CH- -f HO2'
Schem e 1.16 
Peroxyl radical attack a t the 
alpha-hydrogen of an  alcohol
10
An alkoxyl radical only has a lim ited lifetime, if it does not 
abstract hydrogen to form the alcohol, it will undergo p-scission to 
give an aldehyde and an alkyl radical.
y==o + R*
H
Schem e 1.17 
p-Scission of alkoxyl radicals
Aldehydes form ed within an engine are more prone to 
autoxidation than  the basestock, so once formed they are rapidly 
degraded by further oxidation. The oxidation of an  aldehyde is a 
typical autoxidation process. Within a fired engine initiation is by 
transfer of tlie acyl hydrogen to any radicals p r e s e n t ^ .
^ ^  R-c* '
o o
Schem e 1.18 
Initiation of aldehyde autoxidation 
within a lubricant
The carbonyl radical reacts rapidly with oxygen to form an 
acylperoxyl radical which can then  abstract hydrogen from  the 
basestock to form  a peracid.
0— 0*
O O
O O
I L r J l—R
R— H +  ► R* + H O O ^
Schem e 1.19 
Propagation reactions o f aldehyde 
autoxidation within a  lubricant
11
These peracids can react w ith aldehydes and ke tones to 
form  carboxy lic acids or esters respec tive ly. This reac tion is 
commonly known as the Baeyer Villiger rearrangement^^.
R
R‘
H
R-
OH
R
R'
R-COgH ^ OH ----------—
OR' + ”0 - 0 - R" -H"
R'“
O
O/X 11i - O - C - R "
-R
OH
OR'
R o
Scheme 1.20
Baeyer Villiger reaction
A cids fo rm ed  w ith in  an eng ine  w ill decom pose  
hydroperoxides via a non radical pathway. The products of this 
reaction are an aldehyde and an alcohoU^.M The reaction involves 
protonation of the hydroperoxide followed by the m igration of an 
alkyl functional group. If the hydroperoxide group is centred on a 
benzylic carbon, the aromatic ring will migrate in preference to 
any other group to give a phenol instead of the alcohol.
H+R
— 0 ~  O—H
R'
HoO
H -y -O — OHa
R
OH, VoH
H
a —0 “  R'
+ HOR' + H+
Scheme 1.21
Acid decomposition of 
hyd roperox ides
12
Ketones are amongst the more common products of the 
autoxidation of a lubricating oil. Once formed they can undergo an 
aldol type condensation, the product of which is also a ketone and  
so is able undergo further condensations. The aldol condensation 
involves the reaction of the pro tonated form of the ketone with 
the enol. This reaction is catalysed by strong acids and accelerated 
by high tem peratures and pressures; the type of conditions found 
within a fired engine 15.
R. H+ R. * OH
R'" R '^ ,
,  " > o  =  I
R®— CHg R ^  OH
O H '  I
\  R - Ç - R 1
OH ^OH R ^ -Ç -Ç -R
OH
*  R - c - R '   ^
r2_Ç _Ç ^_r3  p,2/  \ ^ / R
H O  Üo
Schem e 1.22 
Aldol condensation
O ther common products include carboxylic acids and 
alcohols. These will undergo estérification under acidic conditions, 
the reac tion being driven to completion by the rem oval of water. 
W ithin a fired engine strong acids are form ed which will catalyse 
this reaction, the high tem peratures a t which an engine operates 
will drive off the w ater
13
R— ^  + R'— OH —  ------^ R— ^  + HpOOH OR'
Schem e 1.23 
Estérification reaction
The blowby gases of the combustion process contain 
nitrogen oxides, which wifi readily combine with bo th alkyl and 
peroxyl radicals to form nitro and peroxynitro compounds
R* + NOx  RNOx
R 0 0 ‘ + NOx -----^ ROONOx
Schem e 1.24 
Combination of nitrogen oxides 
with a lubrican t interm ediates
These products are therm ally unstable and soon decompose to 
form  deposits.
The products of autoxidation are afi highly polar, their 
increased in teractions lead to the increase in  viscosity associated 
with ofi degradation. Many of the products of autoxidation are 
m ultifunctional hydroxy-carboxyfic and ketocarboxylic acids. 
These products wifi readily polymerise within a fired engine 
forming sludge and o ther deposits,
1.6 Lubricant composition
A typical m o tor ofi is m ade up of abou t 75% basestock and 
25% additives. There are a wide range of basestocks available for 
lubrication purposes. These include fully synthetic basestocks 
such as polyalky lated olefins and  pen taeryth ritol esters, semi
14
synthetic basestocks which are na tu ral basestocks tha t have been 
chemically treated, and na tu ral basestocks.
The additives are used to prolong the life of the lubricant 
and  to adjust its physical properties. They include antioxidants, 
dispersan ts, bases, viscosity improvers and antifoamants. The 
antioxidants in terrup t the autoxidation process; the dispersants 
preven t products of the autoxidation from coagulating and hence 
from  forming sludge. Bases neu tralise any acids which form and 
consequen tly slow down corrosion. Through viscosity improvers 
the negative effects of ex trem e tem perature varia tions on the oil 
are reduced by preven ting the oil from freezing or thinning a t low 
and high tem peratures respectively. As the peak efficiency of the 
OÜ pum p is compromised by air getting into it, the foaming of the 
oü which reduces the oil pressure has to be preven ted, therefore 
it is im perative tha t an tifoam an ts are added to w arran t a trouble 
free performance.
1.7 Antioxidants
There are th ree types of an tioxidan t added to motor 
lubricants;
1. Peroxide decomposers, which decompose hydroperoxides via a 
non radical pathway and  so preven t initiation.
2. Metal deactivators which preven t the m etal catalysed 
decomposition of hydroperoxides.
3. Chain inhibitors which slow down the ra te  of radical 
propagation.
Peroxide decomposers
Peroxide decom posers are usually su lphur based. They 
either reduce the hydroperoxide to the corresponding alcohol or
15
ac t as a catalyst in its non radical forming decomposition. The 
most commonly used additives of this type are the zinc 
dialkyldithiophosphonates (ZDDP). Naturally occuring organic 
sulphur compounds which are presen t in  the basestock also act as 
antioxidants.
Schem e 1.25 
Structure of a ZDDP molecule
The reduction process is a  first order reaction for the 
hydroperoxide in  a  protic solvent, bu t second order in  a  neu tral 
solvent. The su lphur compound associates with the peroxyl 
oxygen, the following reduction process is then though t to go via a 
hydrogen bonded cyclic transition sta te with little charge transfer 
to give the alcohol and an oxidized sulphur produc tif.
R vg^R  R sg ,.R
H
H - O  H -C f  A
o — R" o —R" o —R"
Schem e 1.26 
Reduction of hydroperoxides 
by sulphur com pounds
Experimentally it has been foim d tha t 1 mole ZDDP is 
capable of decomposing up to 10,000 moles of cumene 
hydroperoxide. The products of this reaction are acetone and
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phenol, which are also formed in the acid catalysed decomposition 
of cumene hydroperoxide.
To account for this it has been proposed tliat the ZDDP is 
oxidized stepwise through a varie ty  of PS^OyH compounds to 
even tually give sulphuric acid which acts as the main catalytic 
a n t i o x i d a n t 2 0 ,2 i .  The phosphorus par t of the molecule eventually 
end up as an  inorganic phosphate.
ROOM
[(ROlgPSjgZn
ROM ROOM ROM
[(ROjgPSsk + ZnO
(R0)2R\
(ROlgP
ROM ROOM ROM ROOM
(R0)2R
SOoH
(ROjgR\
HoO
SOgH
2 (R0)2R
SON
ROOM ROM
SO2 + (ROlsRf /\ OH ^  SO3, HgSO,
Schem e 1.27 
Oxidation of ZDDP's by hydroperoxides 
to strong acids
Metal ion deactivators
Metal ion deactivators are generally diamines, amino acids, 
hydroxy acids or o ther bifunctional compounds, which are able to 
form  a  strong chelate complex with the metal ion and  thus can 
trap  it in  a single oxidation state by preven ting any interactions of 
the hydroperoxides with the m etal c e n t r e 2 2 ,2 3 .
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Chain inhibitors
This class of antioxidants preven t oxidation by scavenging 
free radicals and so inhibit chain propagation. This can be 
achieved either by hydrogen transfer to the free radical:
ROa* + AH > ROgH + A'
(The resulting radical based on the antioxidant has to be relatively 
stable and inert so it does no t initiate fu rther radical reactions .) 
o r by  radical capture:
ROg +A-> non radical products
Typical antioxidants of this type are 4,4'- disubstituted 
diarylamines:
H 
N
and  2,6-di- terf-butyl-4- subs titu ted  phenols:
OH
R
The substituted phenols are able to trap  two peroxyl radicals for 
each molecule of phenol. They first inhibit propagation by 
hyd rogen transfer to the peroxyl radical. The phenoxyl radical can
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then combine with a second peroxyl radical to give an inactive 
peroxycyc lohexadieneone deriva tives^.
HO R
ROo ROpH
R
COR
Scheme 1.28
Antioxidant action of 
2 ,6 -d i-fe rr-b u ty  1-4-su b s titu te d  
pheno ls
Diary lam ines also preven t propagation by hydrogen transfer to 
the peroxyl radical.
ROO" + ArgNH ------ -- ROOM + AtgN*
Scheme 1.29
Abstraction of the aminyl hydrogen 
by peroxyl radicals
The resulting aminyl radical is able to react with a further peroxyl 
radical to give a ketone and a diarylhydroxylamine.
/Ar k r
H—C —0 “ 0* + *N ------ ^  H“”C —Q —Q — N
R' Ar R' \ r
Ft, .Ar   C = 0  + HON^
R' Ar
Scheme 1.30
Reaction between an aminyl 
and peroxyl radical
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The hydroxylamines are also effective antioxidants in tha t they 
readily donate hydrogen to free radicals.
ROO* + ArgNOH — ^ ROOM + ArgNO"
Schem e 1.31 
Abstraction of the active hydrogen from 
a hydroxylamines by a peroxyl radical
The nitroxide form ed in this way can reac t with bo th  alkyl and 
peroxyl radicals. With peroxyl radicals the product is an alcohol 
and iV-phenyl-o or p-benzoquinoneimine-A^oxide.
O'
ROO' +
O
+ ROH
Schem e 1.32 
Reaction of the diarylnitroxide 
with a peroxyl radical
The nitroxides reac t with alkyl radicals to give amines and 
ketones in a disproportionation processes.
AfgNO' + H -^ C +  ArgNOC^H /\ ArgNH + 0 = 0
S chem e 1.33 
Reaction of a  diarylnitroxide 
with an  alkyl radical
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Diarylamines have been known to be able to destroy up to 3000 
peroxyl radicals per molecule of amine. To account for the 
catalytic inhibitory activity of these amines a cyclic set of 
reactions can be set up which involves scavenging of bo th  alkyl 
and  peroxyl radicals-^.
ROO' ROOM ROO' \/ 0=0
ArgNH ArgN' ArgNOH
ArgNO*
\
/ 0=0 R' ROOM ROO'
Schem e 1.34 
Reaction scheme for the catalytic action 
of diary lam ine antioxidants
Synergism
W ithin a  lubricating oü all th ree types of an tioxidan ts are 
used together. By preven ting bo th  the initiation and propagation 
reactions together, the overall effect of the an tioxidan ts is greater 
than the sum of the pro tection afforded by each of the 
an tioxidan ts singly.
1.8 Basestocks
As already discussed in section 1.3 the ra te  a t which an 
autoxidation proceeds is dependan t upon the streng ths of the C-H 
bonds within the basestock.
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The strongest C-H bonds are those of aromatic hydrocarbons 
which are therefore the most resis tan t to autoxidation. Their 
m ajor drawback is tha t the high boiling point basestocks required 
for automotive use are solid a t room  tem perature. However they 
do find lim ited use in jet engine lubrication.
The m ost resistan t lubrican ts used in car engines are based 
on sa tura ted hydrocarbons and pen taerythritol esters. Their only 
drawback is th a t in comparison to the more commonly used 
na tu ra l basestocks they are ra th e r  expensive, thus they  are 
generally used in the highest quality lubricating oils.
For the large majority of lubricants though, na tu ral 
basestocks are employed. They are mostly paraffinic in  na tu re  bu t 
they  also con tain a high proportion of alkyl aromatics, aromatic, 
organic sulphur and nitrogen compounds. As some of the 
components of these na tu ral basestocks readily undergo 
autoxidation, it needs a careful choice of additives to tu rn  them  
m to suitable lubricants.
1.9 Engine developm en t
The necessity for car m anufac turers to rem ain competitive 
in  the large automotive market, has continuously led  to the 
developm en t of m ore powerful, m ore economical and  more 
environm en tally friendly cars.
The maximum efficiency of any hea t engine is lim ited by 
Carnot's equation-^. It states th a t the maximum efficiency 
ob tainable is equal to 1-Tc/T h, Tc being the tem pera tu re of the 
cold reservoir and  T^ the tem pera tu re of the ho t reservoir. For 
the in ternal com bustion engine this translates to Tc being the 
tem pera tu re  a t the end  of the power stroke and Th the
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tem pera tu re a t its peak. To achieve grea ter efficiency either T^ 
can be raised or Tc decreased. Th can be raised by increasing the 
compression ratio and by making the engine run  a t higher 
tem peratures, o r Tc can be decreased by making the power stroke 
longer than the compression stroke, thus achieving a greater 
volumetric efficiency.
Other developments in car manufacturing involve the re- 
em ergence of the two-stroke engine. The advantages of a two 
stroke over the conventional four-stroke is the fact tha t every 
cy linder produces power a t each engine revolution, whereas a 
conventional engine produces power every o ther revolution, 
hence a two-stroke will be m ore powerful than the same sized 
four-stroke engine. The m ajor drawback of a  two-stroke engine is 
tha t they generally produce m ore exhaust emissions.
Motor m anufacturers are investigating all these possibilities, 
bu t the cu rren t trend  is for ho tte r engines. The use of ho tter 
engines m eans tha t greater oxidative stress is placed upon the 
lubrican t. To keep servicing down to a reasonable level, lubrican ts 
have had  to develop along with engine technology.
1.10 Lubricant developm en t
A lmost every new chemical produced is seen as a po tential 
oil additive. To screen ou t the useful ones the new com pound is 
dissolved in  a  series of standard  test oils and subjected to a  range 
of bench tests, these are used to evaluate the lubrican t's ability to 
p reven t wear, resist oxidation and  re tain  it properties as a 
lubrican t over a  wide tem pera tu re range. Any useful com pounds 
are given a code and tested with combinations of o ther oil 
additives to find a  po tentially m arketable product.
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If a  lubrican t form ulation passes all the bench tests then it 
will be tried within an engine. The engine tests are used to 
simulate various types of driving, which range from  's tart stop' 
driving normally associated with travelling short distances in a 
town to 'hard ' motorway driving. To shorten test times the 
engines are run  over an extreme tem perature range and  to speed 
up  wear and tear, components are tightened up m ore firmly. After 
the tests the engines are completely stripped and the various 
components weighed and m easured to de term ine wear and 
corrosion.
The ultimate tests for any lubrican t are the field trials in 
which they are used within a  road going car. The lubrican t is 
regularly checked to ensure a proper perform ance. After it has 
passed this test, it is sent for independen t trials.
The best known organisation for this is the American 
Petroleum  Institute (A.P.L), this organisation sets the standards 
for po tential lubrican ts which are tested and then graded 
according to this quahty. The cu rren t A.P.I. grading for petrol 
engine lubricants is 'SG' which wUl be superseded by 'SH'. For 
diesel engines the lubrican ts are presen tly given the grade 'CE' to 
again be superseded by 'CF'.
1.11 Oxidation bench tests 
The Ercot
This test is designed to simulate conditions within an  engine 
sump. The lubrican t under test is hea ted  to abou t IbO^C and air is 
bubbled through it. To speed up the autoxidation process an iron 
catalyst is added. Samples are then  rem oved a t specified times 
and  their viscosity is m easured a t a s tandard tem perature. To
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pass this test its viscosity must not increase by more than 25% 
after 96 hours.
Panel coker test
The panel coke test is designed to simulate conditions within 
the cylinders. The test involves heating an aluminium panel to 
32 0 °C  onto which the test oil is then splashed for about an hour. 
The panel is then cooled, washed to remove any unreacted oil and 
w eighed to determ ine the am oun t of m aterial deposited. The 
panel is also visually rated, this involves dividing the panel into 
small sections and estimating the colour of deposits in each region. 
Thick, black deposits are given the worst rating and no deposit the 
best, the plate is then given an overall average rating.
D ifferen tial scanning calorim etry
In this test the lubricant is heated in a thin film on a metal 
plate in an oxygen atmosphere. Eventually the lubricant will start 
to oxidize uncontrollably which will be noticed as a sudden rise in 
temperature. The temperature at which this occurs can be used to 
evaluate the oil.
High tem perature autoxidation
A t tem pera tu res of over 100° C the a n tio x id a n t 's  
effectiveness begins to wane. There are a number of reasons for 
th is . A t h ighe r tem pera tu res the decom position  o f the 
hydroperoxides occurs via a unimolecular process (see figure 1.2). 
Thus even if the peroxy l rad ical is trapped the resu lting  
hydroperoxide decomposes rapidly to give radicals. The rapid 
decom position of the hydroperoxides also means that peroxide 
decomposers will not have a lot of time to act. The formation of
25
radicals by the direc t action of oxygen on the lubricant also 
becomes an im portan t source of radical initiation.
At tem peratures of over ISO^C it has been observed tha t 
chain terminations involved alkyl ra the r than the peroxyl radicals 
indicating tha t the alkyl radicals were im portan t as chain 
propagating spieces^l. This could be explained by a combination of 
a low solubility of oxygen in the oil a t these high tem peratures, 
hence a low ra te of oxygen transfer from  the gas phase into the 
OÜ, and the reversibility of the reaction tha t forms the peroxyl 
radicals.
The autoxidation process can therefore be controlled if it 
was possible to find chain breaking antioxidants which efficiently 
trapped alkyl radicals, i.e. the reaction:
R‘ + AH  RH + A*
m ust be fast and if possible catalytic.
A new  bench test for antioxidants?
To m easure how effectively an alkyl radical can be trapped 
by an  an tioxidan t we proposed to use a ’radical clock' 
rearrangement^l'^2,33, The basis of these radical clocks is the 
ability of some radicals to rearrange irreversibly. Once the alkyl 
radical has been formed, it can eitlier reac t with the inhibitor, InH, 
or rearrange to form  a  second radical, which can also reac t with 
the inhibitor. The ra te  a t which the alkyl radicals are trapped can 
be calculated from  the ratio of unrearranged product to 
rearranged products, which can be conveniently determ ined using 
gas chromatography.
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Initiation ►A*—
InH kg 
AH
InH
BH
Schem e 1.35 
Reaction of a radical clock 
with an  inhibitor
A m ajor aim  of this research was to develop a suitable 
radical clock and use it to m easure the ra te of hydrogen 
abstraction from  a range of inhibitors based on diarylam ine and 
hindered phenols. The information ob tained can then be compared 
with existing inform ation on these antioxidants and used to find 
the op tim um  high tem perature lubrican ts.
1.12 Slow release an tioxidan ts.
As a m o tor oÜ ages it uses up its reserves of antioxidants.
One idea to ex tend its hfetime is to add  various com pounds in 
which the antioxidants are initially bound as inactive components 
which decompose during the lifetime of the lubrican t releasing 
fresh an tioxidan ts into the oil.
The antioxidants could be released from their bound state 
by acid hydrolysis, since acids are form ed in the engine during its I
operation. The antioxidants m ight also be released by the j
therm olysis of suitable precursor molecules in the ho t regions of !
the engine, this may have the added  bonus of releasing j
an tioxidan ts in  the harshest environm en t within an engine. I
iA m ajor aim  of this research  was to investigate po tential |
slow release antioxidants. Compounds under consideration are
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amides, diaryl-alkyl-amine oxides , N-alkylated diarylamines and 
N-diarylsiloxamines,
The amides and siloxamines are expected to be hydrolysed 
by acids which are form ed while the the engine is running. The 
amides are expected to give the free diarylamine an tioxidan t and 
a  carboxylic acid.28
i?AtgN— + HgO  Af2NH + HO—
Schem e 1.36 
Hydrolysis of the am ide
The siloxamine hydrolyses to again generate the free diarylarnine 
and a silicone oü. The sihcone oÜ has the added benefit of acting 
as an antifoamant.
? ?A rp N -S i-O -R  + HoO —^  AtoNH + H O -S i-O -RI I {R R I
Schem e 1.37 
Hydrolysis of the süoxamine
The diaryl-alkyiamineoxides and  the jV-alkylated
diary lam ines are expected to release active antioxidants on 
therm al decomposition. The iV-oxide decomposes to give an 
alkene and a hydroxylamine^^.
O' R' A /R'ArgN^-CHg-CH— R Ar^NOH + C H g ^cC R^
Schem e 1.38 
Thermolysis of the N-oxides
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The iValkylated diary lam ine will be expected to give an  amine 
antioxidant.
ArgN-CHg-CH— n Ar^NH +CH2= C ( ^
Schem e 1.39 
Thermolysis of iV-alkyl diarylamines
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Chapter 2 
Measurement of the rate 
constants (kn) for hydrogen 
abstractions from diarylamines 
by carbon centred radicals
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2.1 Aims
1. M easurement of the ra te  of hydrogen transfer from  a 
4,4’-disubstituted diphenyiam ine to an alkyl radical using a 
radical clock rearrangem ent.
2. To determ ine what effects differing functional groups have 
on the ra te of hydrogen transfer.
3. If there are differences due to functionality, is the re  any 
correlation to a  values in a Hammett relationship?
4. To find if there is any correlation to the rate of hydrogen 
transfer from  diarylamines to peroxyl radicals.
2.2 Kinetic measurements of radical molecule reactions
The rates of radical reactions can be m easured using a 
varie ty  of techniques. The general procedure for m easuring these 
reactions is to fire a pulse of energy into the experim en tal mixture 
to generate the free radicals and  then  to fohow the decay of these 
free radicals spectroscopically. Radical-molecule reactions are 
usually fast, which means tha t special equipm en t is required  to 
m easure them^O.
A cheap m e thod for m easuring the ra te  of some radical 
reactions is to use a ’radical clock’. The basis of these radical clocks 
is the ability of some radicals to rearrange irreversibly. If the ra te  
of the rearrangem en t is known then  the ra te  of a  radical reaction 
can be calculated from  the ratio of the rearranged to 
unrearranged products and the rate of the  radical 
rearrangem en t. 31,32,33 The ratio of products can be determ ined 
using conventional techniques such as gas chromatography(GC).
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Initiation ►A*—
S kg 
AS
S
BS
Schem e 2,1 
Ideal radical clock reaction
For example an Initial radical A* can either reac t with a 
substra te S or rearrange to form  a second radical B* which then 
reacts with S; the ra te  of the reaction between A and  S can then  
be calculated from  the ratio of unrearranged products, AS against 
rearranged  products, BS assuming the ra te  of rearrangem en t is 
known (see appendix 1 for derivation).
For these experim ents, the 5-hexenyl radical was initially 
chosen as the basis of the "clock”. However this eventually proved 
to be unsatisfactory (see below) and the neophyl radical which 
rearranges by a 1,2-phenyl m igration was selected. The activation 
energy and the A rrhenius pre-exponen tial factors have been 
docum en ted for bo th reactions.
The 5-hexenyl radical rearrangem en t was to be used to 
s tudy the hydrogen transfers between alkyl radicals and  the 
an tioxidan ts for tem peratures ranging from  60 to 12QoC and the 
neophy l radical rearrangem en t was to be used for tem peratures 
above 150%
The kinetic experim en ts were to be run  over a range of 
an tioxidan t concentrations, the ra te of alkyl radical cap ture could 
then  be calculated by plo tting the antioxidant concen tration 
against the radical clock ratio. By running these experim ents over
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a w ide range  o f te m p e ra tu re s  th e  A rrhen ius A -fac tor an d  
ac tiva tion energy could be calculated.
2.3 M ethods of therm ally generating alkvl radicals
For the radical clock experim en ts the alkyl radicals were to 
be genera ted  therm ally. At tem pera tu res above 150%  in itia tion 
was to be by halogen abstrac tion by tin  centred rad ica ls3 4 .
R'gSn* + Cl— R ---------  R'gSnCI + R*
Initia tion a t lower tem pera tu res was by the decom position of the 
diacy l peroxide^ 5 ;
/O
R - ^
O ,o2    2R " + 2 C 0 j
O O '
O
The la tte r  decom poses to form  acyloxyl radicals, which rapid ly 
decarboxy late to form alkyl radicals and  carbon dioxide.
2.4 Svnthesis of diarylam ines as test an tioxidan ts
The test com pounds for the experim en ts using the  radical 
clock rearrangem en t were 4,4’-disubstituted dipheny lam ines. To 
test the effects of the para- substituents on the ra te  of hyd rogen 
transfer from  a diary lam ine an tioxidan t to an alkyl radical, it was 
necessary to use func tional groups w ith differing elec tronic 
properties. Differences in the efficiency of these antioxidants could 
be assessed and  the results used for predic tion purposes. For
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comparison purposes Naugalube 43 8L was also tested, which is a 
commercial antioxidant, consisting mostly of 4,4’- 
dinonyldiphenylarnine.
The diarylam ine test compounds were synthesized using 
two general methods;
1. The coupling of para- substituted anilines with o ther para- 
substituted aromatic compounds.
2. Aromatic electrophilic substitution on diphenyiamine.
1. Coupling reactions
Coupling reactions were used to produce the 4,4'-dimethyl 
and  the 4,4'-dim ethoxy derivatives of diphenyiamine. Both of 
tliese were convenien tly prepared  by the Goldberg reaction^^. The 
synthesis firstly involved the conversion of the para- substituted 
aniline in to its N- acetyl derivative, which was then refluxed with 
a para-substituted brom obenzene over po tassium  carbonate in the 
presence of a copper catalyst, which was activated with a few 
crystals of iodine. The diarylam ine was then  ob tained by 
hydrolysis of the am ide form ed in  this way. The amines were 
purified by distillation and  recrystallization.
ACoOArNHg -------   ^  ArNHCOMe
A r N H C O Me + A r B r / Cu / ^  ArgNCOMe KOH/ EtOH ^  ArgNH ;reflux - MeCOgH '
Schem e 2.2 
Overall scheme for the Goldberg reaction
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2. Electrophilic substitution
Aromatic electrophilic substitution was used to synthesize 
diary lam ines with e lec tron withdrawing substituents. Both 
dibrom o- and dinitro-dipheny lam ines were prepared  this way^^.
Due to the activating na tu re  of the amine functional group, the 
electrophilic substitutions were carried out on the N-benzoyl 
derivative.
The dibromo com pound was prepared by the action of 
brom ine upon the am ide in  methylene chloride, this was then 
hydrolysed to give the amine.
PhgNCOPh — ^ ( p - B r C e H 4 ) 2 N C 0 P hCH2CI2
(p.BrCeH4),NH '- PhCOgH
Schem e 2.3 
Overall scheme for bromination 
of diphenyiam ine
Nitration of the am ide was carried ou t in acetic acid using 
concen tra ted nitric acid as the nitrating agent. The amine was 
ob tained by hydrolysis of the amide.
PhaNCOPh - (p-02NCgH4)2NC0Ph
KOH/BOH  ^ (p.02NCeH4)2NH
- PhCOgH
Schem e 2.4 
Overall scheme for nitration 
of diphenyiam ine
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2.5 The 5-hexenyl radical clock rearrangem en t
At low tem peratures the ra te  of hydrogen abstraction from 
the test com pounds was to be m easured using the 5-hexenyl 
radical rearrangem en t. When the 5-hexenyl radical is form ed it 
can rearrange irreversibly to predom inan tly give the 
cyclopentylmethyl radical, a  side reaction generates the 
cyclohexenyl radical in  a yield of abou t 5%. This rearrangem en t 
has been extensively studied^l, to the effect tha t the activation 
energy and the A rrhenius pre-exponen tial factor are known. The 
activation energy for this reaction is 6.1kcal/mole and the log of 
the A rrhenius factor (s-l) is 9.5.
For these experiments the 5-hexenyl radicals were 
genera ted by the decomposition of di-hept-6-enoyl peroxide.
J=o
+ CO2 —
Schem e 2.6 
Formation of 5-hexenyl radical 
and its rearrangem en t
2.6 Svnthesis of di-hep t-6-enoy l peroxide
The di-hep t-6-enoyl peroxide was synthesized from  hep t-6- 
enoic acid. The acid was converted to the acid chloride by 
trea tm ent with oxalyl chloride in  the usual way. The second stage
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of this synthesis was the trea tm ent of the acid chloride with 
hydrogen peroxide in pyridine to yield the d iacy lperox ide^S .
OH
0 
Cl
Pyridine 01
Schem e 2.7 
Overall scheme for synthesis of 
dihep t-6-enoy l peroxide
2.7 Kinetic Measurements using the hexenyl clock
The kinetic m easurem en ts simply involved generating the 
5-hexenyl radicals in the presence of the amine an tioxidan t. Once 
form ed the 5-hexenyl radical could either abstract hyd rogen from  
the an tioxidan t forming hex-l-ene or rearrange irreversibly to 
give the cyclopentylmethyl radical, which could also abstract 
hydrogen to form methylcyclopentane.
The ra te  of the radical rearrangem en t could be calculated 
from  activation energy, the A rrhenius factor and  the tem pera tu re 
of the experiment, hence the ra tio of hex-l-ene to 
m ethy lcyclopen tane could be used to determ ine the ra te  of 
hydrogen abstraction from  the antioxidants.
37
Initiation y \ / \ /
ArgNH
/ \ / \ /
Schem e 2.8 
Reaction scheme for the 
kinetic experiments
ArgNH
Kinetic experiments
The initial experim ents were carried ou t a t SO^C using 
dipheny lam ine as the antioxidant. The concentration of the 
an tioxidan t was varied from  0 to 2.44 mol dm-3. Analysis of the 
m ix ture was by GC and by GC with a mass spectrometric analysis 
(GC-MS)
2.8 Results using the hexenyl clock
Analysis by GC gave four peaks with the approximate 
re tention time expected for the products of the radical clock. GC- 
MS iden tification of the produc ts was achieved by comparing the 
re ten tion  times and the mass spectra ob tained from  the reaction 
m ix ture with those of au thentic samples. Using this m ethod, only 
m ethy lcyclopen tane could be positively identified. The o ther 
peaks were die thy le ther, m e thy lene chloride and hex-2-ene. Even 
a t 2.44 mol dmr^ dipheny lam ine, hex-1-ene was form ed in too 
small quan tity  for positive identification. M ethylcyclopentane was 
by far the m ajor product.
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2.9 Conclusion from using the hexenvl clock
From the results ob tained with the hexenyl clock, it appears 
tha t tlie hexenyl cyclisation was too rapid  to enable the ra te  of 
hydrogen abstraction from diphenylam ine to be measured.
2.10 Neophyl radical clock rearrangem en t
The neophy l radical once form ed can rearrange irreversibly 
by means of a 1,2-phenyl shift to form a tertiary radical based on 
isobutylbenzene;
Initiation a
f i n
Schem e 2.9 
Rearrangement of the neophy l radical
The ra te  of rearrangem en t can be calculated from the activation 
energy and  the A rrhenius f a c t o r T h e  m ost recen t evaluation of 
the  neophy l radical rearrangem en t gives log (A/s"l)== 10.98 and 
an  activation energy of 10.83kcal m oT l.
2.11 Initiation bv  tin  centred radicals
Originally the neophy l radical rearrangem en t was to be used 
to m easure the ra te  of hyd rogen transfer between alkyl radicals 
and  the an tioxidan ts a t tem pera tu res above 150*^C. These
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reactions were to be initiated by the abstraction of a chlorine from  
l-chloro-2-m ethy l-2-pheny lpropane by a tin  centred rad ica l^ .
The initial source of tin radicals was the therm al 
decomposition of 9-trim ethy lstanny l 9 , 10 - d ihyd roan th racene 
its decomposition gives the trim ethy lstanny l radical and  an 
alkyl radical based on 9,10-dihydroan thracene. The tin centred 
radical can then abs trac t the chlorine from  l-chloro-2-m ethy l-2- 
pheny lpropane to give the neophy l radical.
SnMes
A + MeaSn*
Schem e 2.10 
Generation of trim ethy lstanny l radicals from  
9-trim e thy lstanny l-9,10-dihyd roan th racene
When a m ix ture of neophy l chloride and 9-trim ethy lstanny l 
- 9 , 10 - dihyd roan th racene were hea ted  toge ther a  1:1 m ix ture 
of bo th  rearranged and unrearranged produc ts was obtained.
The un rearranged produc t should no t form  unless there is a  
source of abstractable hydrogen. A po tential source is the the 
radical derived from  the hydro-an thracene, this wiU readily 
donate a hydrogen to the neophy l radical to form  an th racene and 
fert- butylbenzene.
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/ /  w  +
Schem e 2.11
D isproportionation between the alkyl radical 
based on 9,10-dihyd roan th racene 
and  an alkyl radical
To overcome this problem  ano ther source of tin  radicals was 
required, which did  no t in terfere with the radical clock reactions. 
The m ost hopeful candida te was bis-trim e thy lstany lbenzpinacol. 
This was p rep a red  by the  pho tolysis of b en zophenone  w ith  
hexam ethy lditin . At tem pera tu res above lOO^C it decom poses to 
g enera te  tin  radicals and  benzophenone. The benzophenone, 
however, takes no fu rthe r p a r t in  any radical reactions^ 9,
PhoC-CPho 100°C 2 PhgCOI Io o.----------------------  +
MegSn SnMeg hv 2 MegSn*
Schem e 2.11
Bis-trim ethylstanylbenzpinacol as 
a possible source of tin  radicals
Only one a ttem p t was m ade to synthesize this com pound. W hen 
th is proved  unsuccessful we decided  to te s t o u t the  diacy l 
peroxide as the neophy l radical source. For these experim en ts 
rad ica l in itia tio n  was by the  decom position of 3-m e thy l-3 - 
pheny lbu tanoy l peroxide.
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2.12 Synthesis of 3-methyl-3-pheny lbu tanovl peroxide
The starting m aterial for this synthesis was l-chloro-2- 
methyl-2~phenyipropane, m ore commonly known as neophyl 
chloride. The neophyl chloride was converted to the Grignard 
reagen t by the action of magnesium56. Bubbling carbon dioxide 
gas through the Grignard reagent, followed by acidification, gave 
the corresponding carboxyUc acid. T reatm ent of the acid with 
oxalyl chloride afforded the acid chloride, which was converted to 
the diacyl peroxide by the action of hydrogen peroxide in the 
presence of pyridine^S.
y Cl
Mg
EtoO
y MgCI 1.CO2
2. H+
A„
C2O2CI2
01
H2O2 / Pyridine
O O
Schem e 2.12 
Overall scheme for the synthesis of 
3-methyl-3 -pheny lbu tanoy l peroxide
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2.13 Measurem ents of kj^ using the neophy l radical clock
The kinetic measurements involved generating the neophy l 
radicals in the presence of the amine antioxidant. Once form ed the 
neophy l radical could either abstract hydrogen from  the 
antioxidant forming tert -bu ty lbenzene or rearrange irreversibly 
to form  the 2-phenyl-1- butyl radical, which could also abstract 
hydrogen to form isobutylbenzene.
Initiation a
Ar2NH ArgNH
Schem e 2.8 
Neophyl radical 
clock products
The ra te  of the radical rearrangem en t could be calculated 
from  the known activation energy, A rrhenius factor and  the 
tem pera tu re of the experiment, and hence the ra tio of tert - 
bu ty lbenzene to isobu ty lbenzene could be used to de term ine the 
ra te  of hydrogen abstraction from  the antioxidants.
Analysis was again by GC and  GC-MS, the products could be 
iden tified by com parison of GC re ten tion times w ith those of the
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au thentic com pounds and by GC-MS. Product identification was by 
the  com parison of the m ass spec tra  w ith those o f the  au then tic  
standards.
2.14 Results of produc t analysis
Analysis of the  radical clock reac tions showed th a t  along 
w ith  th e  isom eric bu ty lbenzenes expec ted  from  th e  neophy l 
r e a r r a n g e m e n t ,  s ig n if ic a n t  a m o u n t s  o f  2 - m e t h y l - 2 -  
propeny lbenzene were also being form ed. The ra tios o f all th ree  
p roduc ts  were affected by changes in  an tioxidan t concen tra tion. 
The produc ts of possible term ina tion reactions betw een the alkyl 
radicals were sough t b u t none were iden tified, this was possibly 
due to the ir signals being h idden  by the solvent peak.
2.15 Effects of radical term ina tion reactions upon kg
Alkyl rad ica l te rm in a tio n  reac tions are  second  o rd e r  
processes and  so are dep en d an t upon [Alkyl radicals] 2. For the 
sake of simplicity, a high concen tration of an tioxidan t was used, in 
com parison to the concen tra tion of radical initiator. U nder these 
conditions the radical clock m easurem en t is forced in to a pseudo 
firs t order behaviour, dependan t only on the concen tra tion of the 
an tioxidan t. At high an tioxidan t concen trations the alkyl radicals 
are  rapid ly m opped up, hence the radical term ina tion reac tions 
should be of little im portance.
However during the initia tion process, radical term ina tion 
reactions are very likely. This is because the in itia tor molecule in 
so lu tion is su rro u n d ed  by solven t molecules, w hich in  effect 
creates a ’solvent cage'. On decomposition the initiator produces a
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pair of radicals close to each o tlier within this solvent cage 
increasing the chances of term ination reactions.
Although coupling reactions may be occuring within a 
solvent cage, they have no effect on the measurem ent of 1<h since 
no isomeric butylbenzenes are formed. The termination reactions 
within the solvent cage do rem ove alkyl radicals from  the reaction 
system, decreasing the am oun t of potentially available isomeric 
butylbenzenes.
2.16 Alkene form ation and its effects on the m easurem en t of kg
A possible mechanism  for the formation of the alkene 
involves radical disproportionation, in which a benzylic pro ton is 
abs trac ted  from  the te rtiary  r a d i c a l ' s ' l l T h i s  is possible 
because the benzylic hydrogens are readily abstracted.
R* + + RH
Schem e 2.9 
The radical disproportionation 
reaction
Evidence for the disproportiona tion reaction was provided 
by running the neophy l radical clock experiments in the presence 
a  deu teria ted  dipheny lam ine, which acted as the antioxidant.
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ô
0
AfpND  ^
D
+
H
Ph
+
Schem e 2 .10 
Radical ’dock' reactions 
involving Ar?M)
The scheme 2.10 shows tha t the abstraction of deu terium  
from  the deuterodipheny lam ine by the neophy l radical o r the 2- 
pheny l-t- buty l radical derived from  its rearrangem en t, will lead 
to products which contain 1 deu terium  atom  per molecule; the 
isomeric butylbenzenes thus ob tained wül have a  mass of 135. 
The disproportionation reaction on the o ther hand, introduces 
hydrogen in to the products of the neophy l radical clock 
rearrangem en t ra the r than  deu terium , hence the derived isomeric 
bu ty lbenzenes wÜl have a mass of 134.
Product analysis by GC-MS showed two peaks for the tert- 
butylbenzene, one at Mr=134 and one a t 135, this indicates tha t 
some of the tert- buty lbenzene was form ed by disproportionation 
and  some was form ed by abstraction of deu terium  from  the N- 
deuterodipheny lam ine. The isobu ty lbenzene gave a peak at
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Mr=135, this result showed tha t all the isobutylbenzene was 
form ed by the abstraction of deu terium  from  the 
deuterodiphenylam ine.
The disproportionation reaction generates ex tra tert- 
bu ty lbenzene and  converts the radical derived from the 
rearrangem en t of the neophy l radical in to the alkene, this leads to 
a  high estimate of the ra te of hydrogen abstraction from  the 
am ine antioxidants. To compensate for the disproportionation 
reac tion a new form ula was derived for calculating ky (appendix 
2).
Although the concen tration of alkyl radicals in these 
reactions was low, disproportionation m ay be favoured if the local 
concen tration was high. The process of initiation generates a pair 
of radicals in close proximity to each o ther, increasing their chance 
of in teraction, this would be exacerbated if the initiator molecule 
inhabited  a solvent cage'll. Upon initiation the radicals would 
occupy this cage increasing their chance of interaction.
Diffusion out of radical cage,
Radical
Initiation 2x
no radical-radical interactions
Disproportionation 
Schem e 2.11 
Possible rou tes the radicals may take
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It may be possible to get an estimate of the cage lifetime 
from the radical clock products a t zero antioxidant concentration. 
The radical initiation genera ted two neophyl radicals, while the 
two neophyl radicals co-exist within the radical cage no radical 
disproportionation can occur. After a period of time, one of these 
neophy l radicals rearranges to form the tert-radical based on 
isobutylbenzene. The ra te  at which the neophyl radical 
rearrangem en t k^ has been calculated at 43808 s~i at 373K, 
hence:
therefore;
d[ggophyl radical] ^  [neophyl radical] 4 3  808,
Upon in tegration this gives the relationship:
{hi[neophyi radical] 43808t,
hence the average time taken for one of the pair of neophy l 
radicals to rearrange is
ln2-lnl=43808 t,
which gives a time of 1 .6 * 1 0 -5  s. Assuming tha t the 
disproportionation reaction is rapid  com pared to the lifetime of 
the solvent cage, and  tha t all the fert-buty lbenzene is form ed by 
disproportionation within the solvent cage then an estimate of the 
ra te  a t which these cages break up can be ob tained. After 1.6*10-5 
s the tert-butylbenzene m ade up 51.2% of the product, 48,8% of 
the radicals produced escaped from  the cage to give o ther 
products. Assuming the breakup of the cage (ky) was a firs t order 
reaction, the cage break up occurs a t a ra te  of:
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d[solvent cage] , , , ----- = ky [solvent cage],
therefore;
d[solvent cage] 
[solvent cage] =  k y  d t
Upon in tegration this gives the relationship:
a 0  [Insolvent cage]]^= (ky t}^,
In l00-ln51 .2 = k y * 1 .6 * 1 0 -5
which gives ky=4.2*10-1 s-i.
.Although this m ethod only works if radical term ination reactions 
are unim portan t in the solvent cage. For an accurate estimate of 
cage lifetime all the termination produc ts need to be identified.
In the presence of a diary lam ine an tioxidan t the alkyl 
radicals involved in the neophyl radical rearrangem en t can either 
undergo disproportionation or abstract the aminyl hydrogen from  
the diarylarnines.
initiation
Schem e 2.12 
Scheme of possible reactions in the 
radical clock experim ents
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The disproportionation reaction is competitive with the 
abstraction of the aminyl hydrogen from the diarylarnines, so 
increasing the rate of hydrogen abstraction will be a t the expense 
of alkene formation. The rate of hydrogen abstraction can be 
enhanced by increasing the concentration of the diarylamine. The 
graph below shows the effect of amine concentration upon the 
proportion of alkene in the radical clock products.
o^ 5
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0.00 0.02 0.04 0.06 0.120.100.08
Q Me 
♦  DPA 
«* Naug 438L 
o OMe 
a Br
[ D i a r y l a r n i n e s ]
G raph 2.1 
Relationship between alkene 
formation and [Diarylamine] at 373K
The graph 2.1 proves tha t by increasing the concentration of 
the diarylamines, the proportion of alkene in the radical clock 
products decreases. One obvious exception to this trend occured 
when 4,4 '-dibrom odipheny lam ine was used as the antioxidant. As 
its concen tration was increased so the proportion of alkene 
form ed also increased slightly; indicating tha t a different 
mechanism may be operating in tandem  with disproportionation.
The graph 2.2 shows tha t the actual formation of the alkene 
was dependan t upon the ra te  of hydrogen transfer, which is a
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function of the concentration of the diar>ianiine antioxidant and 
its efficiency at trapping the alkyl radicals derived from the 
neophyl radical rearrangem ent.
II
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1
ne
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a  Naug 438L 
 ^ OMe
* Br
k( H)
G raph 2.2 
Relationship between ky 
and alkene formation
The results ob tained from  graph 2.1 showed tha t the 4,4’- 
dibrom odipheny lam ine was producing a large excess of the 
alkene. The most plausible explanation is tha t the alkene was also 
being formed via a cationic route. If the neophy l cation can form, 
it is able to rearrange to give a tertiary cation. Elimination of a 
benzylic pro ton gives the alkene.
-I-
n
Schem e 2 .10  
Alkene form ation via the 
carbocation
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A possible mechanisms for carbocation form ation involves 
the heterolytic decomposition of the d i a c y l p e r o x i d e ^ s ,4 6 ,4 7 .
+
0 - 0  O'
Schem e 2.11 
Heterolytic decomposition of 
the diacylperoxide
This reac tion is known to be catalysed by acids ^  3,14,
0  0  OH 0
R— ^  y T — R -f------------------- -3^  R—X — R
0-0 0-0
o
R - J l
OH
+ OOo + R+
Schem e 2.12 
Acid catalysed decomposition of 
diacylperoxides
Experimentally it was found tha t amines with electron 
withdrawing substituents in  the para position i.e the 4 ,4 - 
dibrom odipheny lam ine form ed a higher proportion of the alkene. 
A possible reason for this is tha t these amines are m ore capable of 
catalysing the heterolytic decomposition of the diacylperoxides, 
with the am ines developing some negative charge which is 
stabilised by electron withdrawing substituents. A lthough no t as 
po ten t as strong acids, the particu lar amine an tioxidan ts may be
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capable of catalysing the heterolytic decomposition of the 
diacylperoxides via the same general mechanism.
Ar2NH,
b  O
R L yP--R
0-0
Af2N - ,
O O
R"
0—0
yP R
O
R— \  + CO2  4 . R+ + AtgNH
O'
Schem e 2.13 
A possible mechanism by which amine 
antLoxidants can induce the heterolytic scission 
of the peroxide bond
Alkene tha t was form ed via a non radical pathway, will no t 
affect the radical clock calculations.
The alkene m ay also be form ed if the aminyl radical is able 
to remove the benzylic pro ton from  the tert - radical.
ArgN' + H— ^
ffS
+ AtgNH
Schem e 2 .14  
Radical disproportionation between 
the aminyl and  te rt radical
This reac tion is m ore likely w ith the less effective am ine 
antioxidants. This reaction was assum ed to be unim portan t since 
the aminyl radical was only presen t in small am oun ts when
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com pared to the diary lam ine concen tration. The am oim t of alkene 
form ed by disproportionation and via the carbocation canno t be 
distinguished. For m ost of the am ines this was unim portan t, b u t 
for the 4 ,4’“dibrom odipheny lam ine it was necessary to be able 
estim ate the am oun t of alkene form ed by disproportionation.
The results from  the experim en ts ru n  w ith the 
deuterodipheny lam ine showed th a t all the isobu ty lbenzene was 
form ed by the abs trac tion of deu terium . Since none was form ed 
by disproportiona tion it  served as a  useful basis for estim ating the 
am oun t of disproportionation. A series of graphs were p repared  in 
which the ra tio of (tert- bu ty lbenzene /  isobu ty lbenzene) was 
plo tted  against (alkene /  isobu ty lbenzene). From these plo ts the 
following results were ob tained. At lOO^C y=1.25 + 5.1*10"2x, a t 
SO^C y=1.33 +1.25*10“2x and  a t 60oc y= 1.75 + 7.16*10~2x, w here 
x=(tert- buty lbenzene /  isobu ty lbenzene) and  y = (alkene /  
isobutylbenzene). Since x h ad  a  m aximum value of around  3 and 
the correlation was poor, the ra tio of alkene to isobu ty lbenzene 
was assum ed to be the cons tan t ob tained from  the graphs. The 
am oun t of alkene form ed by disproportionation was then 
calculated by multiplying the am oun t of the isobu ty lbenzene by 
this constant.
2.17 Neophyl radical clock results
The ra te  a t which alkyl radicals could abs trac t the aminyl 
hyd rogen from  diary lam ine an tioxidan ts was calculated using an 
equa tion which accoun ted for the radical disproportionation. #(see 
appendix 2  a t the end  of this chap ter for deriva tion and 
assumptions). For the 4,4’-dibrom odiphenylam ine com pound the 
am oun t of alkene form ed by disproportionation a t each
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tem pera tu re was estim a ted by multiplying the am oun t of 
isobu ty lbenzene by the constan ts derived a t the end  of the 
previous section.
The m ajor source of e rro r was th a t it was impossible to 
know how m uch of the alkene produc t was form ed by 
disproportionation and how m uch by o ther mechanisms. For the 
A rrhenius plots, an  u pper lim it was ob tained by assuming th a t all 
the alkene was form ed via the carbocation. The lower Hmit 
assumes tha t aU the alkene was form ed by disproportiona tion 
between the neophy l and  te rtiary  radicals. The results for 
log(A/s-l) and  the activation energy were ob tained from  the 
lower limits only, except for the 4,4'~dibrom odiphenylamine for 
which the ex tent of the disproportiona tion reac tion was estimated.
Other sources of e rro r include the tem pera tu re of the 
experim en t. It was found  th a t the oven tem pera tu re  in  which the 
experim en ts took place was accurate to w ithin + or- 5°C or arotmd 
1%.
The analysis also suffered. The m ain problem  was th a t the 
peaks for the isomeric bu ty lbenzenes and  the alkene overlapped 
to some extent, especially if one of the peaks was large in  
com parison to the o thers. Errors in  the estimates of k^ from  the 
GC results were abou t 1 or 2%.
The errors shown in  the  results were derived from  errors in  
the tem pera tu re and  in  the calculation of ky.
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Deuterium isnrnpA
The f* d e„ ,ero d ip h e„ y Ia „ h „ e  ™ s  prepared from M p ly  
r«nr«alteed drphepylamme. This was dissolved in dodecape and 
e resuimg soiudop shaken and ihen stored over 99 8% 
deuterium odde. The eapedments involved taking imi of ans 
solution and dilutmg i, do»i ,o the mguhed concentration, imi of 
e perox.de solution was added, the whole reaction was carried 
out m the presence of a drop of deuterium oxide. The isotopefrn“ :::r:r—:r
abstraction from  deu terodipheny lam ine kp.
Deuter ium Isotope effect  for 
d i p h e n y l a m i n e
o
CO
f a n t i o x i d a n t j
^  Deutro-dlphenylamine 
♦  Diphenylamine
Deuterium isotope effect kp/ki^ 4.4 for diphenyiamine a t373K
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2.18 Summary of the results and discussion
ky * 10~5 M~is“l
Log(A/ Ea Kcal
Amine kH373K kn353K  kH333K M-^s-l) mol“i k e /k o
OMe 34 23 4.1 13.2 11.5 -
+/-1.5 +/- 1.8
Me 23 8.7 3.6 12 .8 11 -
+/-2.2 +Z-3.6
H 13 6 .8  4.2 11.5 9.2 4.4
+/-1.9 +/-3.1
Br 8.8 5.3 2.4 10 .8 8 .2 -
+Z-2.2 +/-3.4
Naug 23 6 .8  4.2 12.3 12.3 ”
438L +A2.5 +/-4.3
From the table above, am ine an tioxidan ts with electron 
releasing substituents in the para  positions were the most 
efficient a t trapping alkyl radicals.
W hat was unusual abou t these results was tha t the reaction 
which had  the lowest, experim en tally m easured activation energy 
also had  the lowest A factor.
The ra te  of a  chemical reac tion k= Ae-Ea/RT, The A factor is a 
m easure of how often the reac tan ts interact. Of these only the 
interactions with an energy higher than  the activation energy will 
react. The proportion of molecules with this am oun t of energy is 
dependan t upon the tem perature.
The experim en tal results gave log A factors ranging from 
10.8 for the 4,4’-dibrom odipheny lam ine to 13.2 for the para 
m ethoxy derivative which indicates tha t the aminyl hyd rogen of
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the metlioxy derivative interacts m ore effectively with neophyl 
radical in comparison to the similar interactions with 4,4’- 
dibromodiphenylamine.
In the reaction mixture the am oun t of steric hindrance 
abou t the am inyl group is approxim ately the same for all the 
am ine an tioxidan ts tested, therefore the A factors would be 
approxim ately the same if this was the only factor. The unusual 
results could be simply due to experim ental error in extrapolation, 
which in  tu rn  is due to the experim ents being carried ou t over 
such a narrow  tem pera tu re range.
If the A factors are abou t righ t then  electronic effects m ust 
be responsible for the differences in  the A factors. Alkyl radicals 
are slightly nucleophilic and  so are na tu rally attracted to areas of 
low electron density. The N-H bond in diarylamine antioxidants is 
polar, with the hydrogen taking on a partial positive charge, i.e it 
is a region of low electron density. Electron density can be 
rem oved from  the N-H bond by placing electron withdrawing 
substituents in the para position. This should make the aminyl 
hyd rogen m ore attractive to alkyl radicals. However the nitrogen 
is attached directly to the arom atic rings and so will be more 
strongly influenced by the electronic effects of substituents in the 
arom atic ring, therefore the presence of electron withdrawing 
substituents in  the para position will preferen tially remove 
electron density  away from  the nitrogen. The decrease of electron 
density on the nitrogen in com parison to the aminyl hydrogen wül 
decrease the dipole m om en t of the N-H bond making the aminyl 
hyd rogen less attractive to alkyl radicals.
63
2.19 Hammett relationship
The Hammett relation links the rate of a chemical reaction to 
the electronic effects of the functional groups. The equation states 
tha t log k/l<o = op where k is the ra te  of the reaction with a 
functional group presen t, Icq is the ra te  of the reaction with no 
functionality, o  is a value assigned to the effect of the functional 
group presen t and p the susceptibility of the reaction to these 
effects.
7
6
5
4
3
0■1 1
a  Log k(H) peroxyl radicals 338K 
Data from ref 51 and 52
♦  Log k(H) alkyl radicals 353K
Sigma +
A correlation was found between the ra te  of hydrogen 
abstraction by alkyl radicals and H.C.Brown's o+ v a lu es^ . The 
suscep tibility p was m easured at -0.49 a t 353K. The relationship 
between a+ and  kn m ay be used to predic t the ra te  a t which alkyl 
radicals will be trapped  by 4 ,4 '-disubstituted dipheny lam ines 
assuming the value is known for the substituents. The 
correlation with also indicates th a t there is some charge 
separa tion w ithin the transition state, with a partial positive 
charge developing on the nitrogen, which would be stabilised by 
electron donating groups.
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Schem e 2.15 
Abstraction of an aminyl hydrogen 
by alkyl radicals
2.20 Comparison with litera tu re results 
for peroxyl radicals
The rate at which peroxyl radicals abstract hydrogen from 
diarylam ines was found to be dependan t upon the na tu re of the 
attacking radical. At 323K the ra te  of hydrogen abstraction from  
4,4'-dim ethoxydipheny laniine varies from  1.5*106 M“1 s‘l for a  
peroxy radical based on N,N-dimethylcyclohexylamine"^ to 
1.2*104 M-is-i for one based on dim ethy lam inoethyhnethacry late 
49. At the same tem pera tu re the abstraction of hydrogen by the 
neophy l radical was calculated to be 1.8*105 M-i s“l. The benzylic 
peroxyl radical based on ethy lbenzene abstracts hydrogen from 
dipheny lam ine a t a  ra te  of 4.4*104 M-ls-l a t 333K 50^  for the 
neophy l radical a t the same tem pera tu re this ra te  was m easured 
a t 2.9*105 M -ls-l.
A series of 4 ,4 '-d isubstitu ted dipheny lam ine inhibitors were 
tested  in the oxidation of styrene a t 3 3 8 K 5 1 » 5 2  from  which a 
Hamm ett plo t was made; again there was a good correlation with 
cr*- values for the functional groups. The deuterium  isotope effect 
was found to be 3 for dipheny lam ine and 1.32 for the para
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dimethoxy derivative. The rates of hydrogen abstraction by 
peroxyl radicals derived from styrene, were found to be more 
susceptible to polar effects with p = -1 .6 , indicating tha t more 
charge separation occurs in the transition state than with the alkyl 
radicals. This m ay be due to the electronegative na tu re  of the 
oxygen in the peroxyl radical in  comparison to the carbon in the 
alkyl radical. The nitrogen develops a positive charge which is 
stabilised by electron donating substituents.
The best high tem pera tu re diary lam ine antioxidan t ?
The results from  the radical clock experiments show tha t 
4 ,4’-dimethoxydiphenylaroine was the m ost efficient, of the 
amines tested at trapping alkyl radicals. The efficiency of the 
an tioxidan t a t trapping alkyl radicals was found to correla te with 
the a+ values of the substituents in the 4-position. The 
susceptibility was found to be negative. The similar correlation 
was found w hen 4,4 '-d isubstitu ted diary lam ines were used for 
trapping peroxyl radicals, therefore the best high tem pera tu re 
an tioxidan t would be expected to be the diarylamines in  which 
the para substituents had low orf- values.
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2.21 Synthesis and experim en tal 
M easurement of ky
The kinetic experim en ts were carried ou t in resealable glass 
tubes which could be a ttached to a gas line. The solvent used for 
these reactions was n-dodecane which had any polar impurities 
removed by passing it th rough an aluminium oxide column.
The procedure involved taking 1ml of a standard  solution of 
the radical source and  1ml of a standard solution of the 
an tioxidan t and diluting the solution with Icnown amounts of 
solvent. The mixture was degassed by a freeze, pum p, thaw cycle. 
The experiments were carried  ou t under nitrogen a t a few Ton* of 
pressure.
The reactions were carried ou t five a t a time, w ithin the 
same heating environm en t a t a prese t tem pera tu re. The samples 
were hea ted  for th ree to five days to ensure com plete peroxide 
conversion. The oven used for these experim en ts was a Pye- 
Unicam GC oven.
Analysis was generally by GC, using a 5 m e tre column. The 
sta tionary phase was OV 101 a t 10% loading, the mobile phase 
was nitrogen a t a pressure of 1 lp.s.i.. GC analysis was carried ou t 
a t 95®C using flame ionisation detection. The chart speed was set 
a t 2m m  m in-i, re ten tion times were generally in  the region of 1 
hour. After each reading the column needed to be purged for 
abou t an hour a t a  tem pera tu re of 250^0
N-Benzoyl diphenylam ine, Diphenylamine (34g, 0.2 mol) was 
hea ted  to ISO^C, benzoyl chloride (29g, 0.206 mol) was added 
dropwise while the m ix ture was con tinuously stirred. The addition 
was stopped if the evolu tion of hydrogen chloride became too 
excessive; HCl was absorbed on to m oist sodalime. After the
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add ition  the m ix ture was hea ted  un til the em ission of HCl ceased. 
The c ru d e  p ro d u c t was dissolved in  m e thy lene ch lo ride  an d  
s tirred  w ith  a so lu tion  of sodium  b icarbona te  overn igh t. The 
m ethy lene chloride was rem oved and  the p ro d u c t was w ashed 
w ith  h o t 40-60 pe tro leum  e th e r  (2*70 ml). The p ro d u c t  was 
filtered  an d  d ried  in  an  oven. Yld 46.9g, 8 6 %, m p 178oC, lit. mp 
180OC83
4,4'-D ibrom odiphenylam ine^'^. AT-benzoyldiphenylamine (6.83g, 
0.025 mol) was dissolved in m e thy lene chloride (100m l). To this 
brom ine (8 g, 0.1 mol) dissolved in m ethy lene chloride (50ml) was 
added  dropwise. After the addition the m ix ture was refluxed un til 
HBr evolu tion ceased, the solven t was then  rem oved. The crude 
am ide was th en  dissolved in  e thano l (2 0 0 ml) to w hich sodium  
hydroxide (3g, 0.075 mol) had  been added. The m ix ture was then  
refluxed for 8 hours. The crude am ine was recrystallized from  60- 
80 petroleum . Yld 5.88g, 72%, mp 104-6°C, lit m p 105.5-7oC^7.
Hi NMR (60 MHz, CDCI3,) % 5.6 (IH, s), 6 .8  (4H, d, JIO Hz), 7.3 (4H, 
d, JIO Hz)
4 ,4 '-D in itrodiphenylam ine^^, iV-Benzoyldiphenylam ine (6 .83g, 
0.025mol) was dissolved in acetic acid (37.5 ml). The m ix ture was 
hea ted  to betw een 90 and  95°C and  HNO3 (6.75 ml, d l.5 2 )  was 
added  dropwise w ith stirring. After the addition the m ix ture was 
s tirred  for a  fu rthe r hour after which it was poured  on to ice. The 
crude am ide was ex trac ted  w ith m ethy lene chloride, which was 
rem oved and  replaced with ethanol (2 0 0 ml) in to which po tassium  
hyd roxide (2g, 0.036m ol) had  been added. The m ix tu re was 
refluxed for an  hour after which it was acidified w ith dilu te HCl. 
The produc t was filtered and washed with water.
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The pro d u c t was only sligh tly soluble in  40-60 pe tro leum  
e th e r  and  was found  to be insoluble in the radical clock m edia, 
hence it was of no use for the radical clock reac tions. Yld 0.98g, 
16%, m p 2 IO-2 1 5 0 C, lit m p 217-8oC37, R l  NMR (60MHz, CDCI3 ) %
6.7 (s, IH), 7.25 (m, 8 H)
4 ,4 ’-D im ethoxydiphenylam ine^^, To p a r a -m e thoxyaniline (6.16g, 
0 .05mol) was added  acetic anhyd ride (5g, 0.05mol), afte r a  b rief 
exo therm ic reac tion the m ix ture was refluxed for 2 0  m inu tes and  
excess ace tic  acid  was d is tilled  off to leave c ru d e  p a r a -  
m e th o x y ace tan ilid e . The c ru d e  an ilide  was ad d ed  to p a r a -  
brom oanisole (8 g, 0.043mol), po tassium  carbona te (5g, 0.036mol) 
and  0.3g of copper pow der activa ted with a few crystals of iodine. 
The m ix tu re was th en  refluxed for 8 hours. The c ru d e  4 ,4 '- 
d im e thoxyd ipheny lam ide was ex trac ted  w ith boiling  to luene 
(5*30m l) w hich  was la te r  rem oved. The c ru d e  am ide was 
dissolved in 100ml of e thanol to which 4g of po tassium  hydroxide 
h ad  been  added, this was then  refluxed for 4 hours. The crude 
am ine was precip ita ted  by the addition of w ater which was then  
ex trac ted  w ith m ethy lene chloride. The solven t was rem oved and  
the  4 ,4 '-d im ethoxydipheny lam ine was distilled  u n d e r reduced  
pressure. Further purifica tion was by recrytalliza tion from  100- 
120 pe tro leum  e ther. Yld 1.5g, 13%, mp=99-100oC, lit. m p = 
103OC36 Hi (60MHz, CDCI3) Ôy 3.9 (s, 6 H), 7.0 (8H), lit. H i Ôh 4 (s, 
IH), 3.8 (s, 6 H), 7.0 ( 8 H ) 3 6 .
4 ,4 '-D im eth y ld ip h en y la m in e^^ , To para-m e thy lan iline  (21.4g, 
0 .2 mol) was added  acetic anhyd ride (30g, 0.3mol), afte r a b rief 
exo therm ic reac tion the m ix ture was refluxed for 2 0  m inu tes and 
excess ace tic acid  was d is tilled  off to leave c ru d e  p a r a -  
m e thy lace tan ilide . The c rude  an ilide  was ad d e d  to  p a ra -
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brom o toluene (43g, 0.25mol), 42g of po tassium  carbona te and  6 g 
of cupric iodide. The m ix ture was then  refluxed for 21 hours. The 
c ru d e  4 ,4 'dim e thy  Id ipheny lam ide was ex trac ted  w ith  boiling  
toluene (5* 100ml) which was la ter removed. The crude am ide was 
d isso lved  in  200m l o f e th an o l to  w hich 15g o f po tassiu m  
hyd roxide had  been  added, this was refluxed for 4 hours. The 
c ru d e  4 ,4 '-d im e th y ld ip h en y lam in e  was p rec ip ita ted  by  the  
ad d itio n  of w a te r w hich was th en  ex trac ted  w ith m ethy lene 
chloride. The solven t was rem oved and  the c rude  am ine was 
d is tilled  u n d e r reduced  pressure. F u rthe r pu rifica tion  was by 
recry tallization from  40-60 pe troleum  e ther. Yld 17.4g, 44%. m p 
75-760C, bp  140OC a t  3.5 Torr, 102-6OC a t  0.15 Torr, lit m p 
7 9 0 C 3 6 ,  lit. bp = 330OC a t 760 T o r r 3 6 ,  IR NMR (200MHz, CDCI3) %
6.2 (s, IH), 3.0 (s, 6 H), 7.7 (8 H).
N -D e u te r o d ip h e n y la m in e .  0 .2104g of trip ly  recry sta llized  
dipheny lam ine (0.2104g, 0.001243mol) was dissolved in dodecane 
(10ml), to this was added 5ml of 99.8% D2O, the resulting m ixture 
was s t ir re d  fo r 1 h o u r. For th e  k inetic  ru n s  invo lv ing  
deu te ro d ip h en y lam in e , sam ples w ere rem oved  a n d  d ilu ted  
accordingly, care was taken to include some D2O to avoid back 
substitu tion from the glass reac tion vessel.
A tte m p ted  syn thesis o f  d iphenylam ine su lphonic acid. To N- 
acety ldipheny lam ine (6 .1g, 0.029mol) was added to 1 0 ml of cone 
su lphuric acid. The m ix ture was hea ted  to 150°C for two hours 
w ith  con tinuous s tirring , a f te r  th is period  only one laye r 
rem ained. A ttempts to isolate the free acid were unsuccessful. 
A tte m p ted  preparation  o f  d isu lphonyld iphenylam ine  d ih exy l 
e s te r , N-Acetyldiphenylamine (5g, 0.024mol) was dissolved in  
20m l of m e thy lene chloride. The resulting solu tion was added
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dropwise to chlorosulphonic acid (8 g, O.OTmol), w ith con tinuous 
stirring . The whole ap p ara tu s  being cooled in  an  ice ba th . The 
m ix tu re was s tirred  for 12 hours. To this m ix ture was added  n- 
hexanol (8 g, 0.08mol) w ith pyridine (5.4g, 0.07mol) over an  hour. 
After the addition, w ater (100ml) was carefully added  along w ith 
sodium  carbonate. W hen the release of carbon dioxide had  ceased 
the  m ix tu re was ex trac ted  w ith  m ethy lene ch loride (2*50m l). 
W hen the solven t was rem oved no produc t was isolated. 
A tte m p te d  syn th esis  o f  d ibu toxycarbonyld iphenylam ine . The 
m e th o d  t r ie d  w as a F rie d e l-C ra f ts  a c y la t io n  u s in g  
c h lo ro fo rm y lb u ty l  e s te r . To iST-acetyldiphenylam ine (2g, 
0 .0095m ol) was ad d ed  3.3 m olar equivalen ts of resub lim ed  
alum inium  chloride (3.8g, 0.0285mol). To this m ix ture was added 
chloroform y lbu ty lester (3g, 0 .0 2  2 mol), the m ixture was hea ted  in 
a w a ter ba th  for an hour after which w ater was added  dropwise. 
The w a ter was poured  away to leave a brow n ta r  insoluble in  
m ost solvents.
Heptenoyl peroxide from 1.2.6-trihydroxv h e x a n e ^ 3 ,5 4 ,5 5
1,2,6-Tribrom ohexane, Phosphorous tribrom ide (162g, 0.6mol) 
was added  dropwise to 1,2,6-trihydroxyhexane (50g, 0.373m ol). 
W hen the addition was com plete the m ixture was refluxed for an 
hour, afte r which it was p ou red  in to w ater and  filtered . The 
filtered liquid was ex trac ted with d iethy le ther (3*50ml) and  the 
extracts were com bined and washed with dilu te sodium  hydroxide 
so lu tion and  w ater, afte r which they  were d ried  over sodium  
sulpha te. The produc t was purified  by distillation. Yld 31.61g, 
42.76%; Bp 104oC a t 1.2 Torr, iR  NMR (200MHz, CDCI3 ) %  
4.15(1H), 3.85 (2H), 3.4 (2H), 2.2-1.8 (6 H), 13CNMR 6  ^ 52.6, 36.5,
35.5, 33.7, 32.4, 26.0.
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6-H eptenoic acid. 1 ,2,6-T ribrom ohexane (31.6g, 0 .098m ol) was 
dissolved in dry e the r (50ml), to which m agnesium  tu rn ings (6 .6 , 
0 .25m ol) was added . After a  v igorous reac tion  h ad  occured , 
carbon  dioxide gas was bubbled  th rough  the resulting G rignard 
so lu tion  for 3 hours. D ilu te HCl was added  and  the resu lting  
m ix ture was ex trac ted  w ith 40-60 pe troleum  e the r (3*50ml). The 
com bined ex tracts were shaken w ith sodium  hyd roxide solu tion 
(3* 100m l of 4 M), these were com bined and acidified. The acid 
so lu tion was ex trac ted  w ith pen tane (3* 150ml), th is was d ried  
over anhyd rous sodium  sulpha te . The solven t was rem oved to 
yie ld  the  free acid. Yld 5.8g, 46%; IR 3000cm-1 s trong hyd roxy l 
ab so rp tio n , 1730cm -i s trong  carbony l ab so rp tio n  in  reg ion  
expected for carboxylic acids, NMR iR  (200MRz, CDCI3 ) ôg 11.7 
(IR , s), 5.8 (IR , m), 5.0 (2R, m), 2.35 (2R, t), 2.05 (2R, quintet),
1.65 (2R, quintet), 1.4 (2R, quintet); 13C 0^  24.5, 28.75, 33.8, 34.2, 
115.3, 138.7, 181.1.
Dihept~6-enyl peroxide. 6 -Rep tenioc acid (Ig , 0.0077m ol) was 
dissolved in dry e the r (10ml) and cooled in an  ice ba th . To this 
was added  oxalyl chloride (2 g, 0.016mol), after the addition the 
m ix ture was s tirred  for abou t an  hour, the excess oxalyl chloride 
was then  rem oved by distillation a t reduced pressure, the yield of 
the acid  chloride was 0.89g, 0.006M. The acid ch lo ride  was 
redissolved in dry ether and again cooled in an ice bath . To 5ml of 
e th e r  was added  hyd rogen peroxide (0.4g of a  27.5% solu tion, 
O.OOSmol R2O2 ) along w ith  py rid ine (0.5g, 0 .0063m ol). This 
solu tion  was added  dropw ise to the acid chloride. After the  
addition the m ix ture was s tirred  for a  fu rthe r hour, it was then  
w ashed w ith sodium  hydroxide (3*20ml of IM) and  d ried  over 
anhyd rous sodium  sulphate. The produc t was never concen tra ted
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for a  yield to be recorded. A small portion was evaporated and 
spectra run on the unpurified residue. NMR; IH essentially the 
same as for the acid; the acidic hydrogen had  disappeared and the 
hydrogens a t 6= 2.35 had  moved up to 2.45; 24.5, 28.5, 30.0,
33.5, 115.4, 138.5, 169.6.
A ttem pted  preparation o f  bis-trimethylstanylbenzpinacol^^. This 
experiment was carried ou t in  preparative photolysis equipm ent. 
Benzene (200ml) was degassed by bubbling nitrogen gas through 
it for 2 0  m inutes, into this was added the hexamethylditin (Ig,
0.003 Imol) and benzophenone ( l . l lg ,  0.006Imol). The solution 
was photolysed, using a high pressure m ercury lamp, for 7 hours, 
the whole experim en t being carried ou t under an  inert 
atm osphere. A sam ple was taken and the solvent was rem oved at 
room  tem perature u nder reduced pressure.
Studies of the produc t by NMR showed only the presence of 
starting material,
3 :Methyl-3 -pheny lbu tanoy l peroxide from  neophy l chloride 
S-M ethyl-S-phenylbutanoic a c id ^ , Neophyl chloride (21g,
0.125mol) was dissolved in dry ether (100ml). To this was added 
magnesium turnings (3.2g, 0.13mol) the mixture was then 
refluxed for 10 hours under a  dry nitrogen atmosphere. Diy 
carbon dioxide was bubbled th rough the resulting G rignard for 5 
hours. The m ix ture was acidified w ith dilu te HCl and ex tracted 
with ether (3*100ml), the resulting ex tracts were com bined and 
concen trated. This was then  trea ted  with sodium hydroxide 
(2 0 0 ml, 5M) and  the resulting solu tion was washed with ether 
(3*70ml) to rem ove any  starting m aterial. The free acid was 
released by acidification and  ex tracted w ith ether (2* 100ml). Yld
11.37g, 50%; mp 55oC, NMR l3Cô(,178.5, 149.0 ,128.7 ,126.5 ,125.9 ,
73
48.5, 36.0, 28.9; iR (200MHz) 7.2-7.S (m, 5H), 2.65 (s, 2H), 1.5
(s, 6 H)
Bis-3-m ethyl-3-phenylbutanoyl peroxide, 3-Methyi-3- 
pheny lbu tanoic acid (1.78g, O.Olmol) was dissolved in  20ml of dry 
ether, to this oxalyl chloride (3g, 0.024mol) was added. The whole 
procedure being carried ou t under anhydrous conditions cooled in 
an  ice bath. W hen the addition was complete the m ix ture was 
refluxed for two hours. The solvent and excess oxalyl chloride 
were rem oved u nder vacuum  to leave a  clear üquid. This was 
redissolved in  20ml of e ther and cooled in an ice bath. To this was 
added hydrogen peroxide (0.62g of a 27.5% solution, 0.005mol 
H2Q2) followed by pyridine (Ig , 0.013mol), the m ix ture was 
s tirred  for 2 hours a t tem pera tures below 2oC. The produc t was 
firs t washed with dilu te HCl and  then with sa tu ra ted  sodium 
carbona te solution, the solution was then d ried over anhydrous 
sodium  sulphate. No a ttem p t was m ade to concen trate all the 
produc t to record a  yield, bu t a portion was evapora ted to record 
spec tra on the unpurified residue. NMRl^C 6^167.2, 149.0, 128.7,
126.5, 125.9, 44.4, 36.0, 28.9; iR (200MHz, CDCI3) ôh 7.2-7.5 (c, 
5H), 2.7 (s, 2H), 1.5 (s, 6 R)
Naugalnbe 438L  This is a commercial antioxidant commonly used 
in  lubrican t ohs. The m ain com ponent is 4,4'-n- 
dinonyldiphenylarnine, bu t it also contains various mono and 
branched chain derivatives. No a ttem p t was m ade a t purification 
because it would norm ally be used in a  lubrican t in this form.
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Appendix 1
Determination of the rate of a  radical reaction using an ideal radical clock
Initiation
S
AS
8
8 8
k2[A*][8]
k3 [B-][8 ]
Assume the rate of formation of B* is equal to the loss of B*
HR*^  = 0  = ki[A ']-k3[B'][S]
=>ki[AT = k3[B*][S]
„  , , , A (dAS/dt) k2[A*][S]Ratio of products g  = \dBS/dt) = ki[A*]
k2[Sl
-  ki 
Appendix 2
Determ ination of the ra te of radical reaction incorporating radical 
disproportionation
A" B = BH=.
1.A* -> B*
2. A* + RH -> AH + R*
3. B* + RH -> BH + R'
4. A* + B* -> AH + C
5. B* + B* -■> BH + C
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dAH/dt = k2[A*] [RH] + [B*]
dBH/dt = k3[B*l [RH] + ks[B'] [B*] 
dC/dt = k4[A*] [B*] + k5[B*][B*]
Assuming the rate of formation of B* = rate of consumption of B* then; 
dB*
dt = 0 = ki [A*] - k3[B*] [RH] - k^A*] [B*] - ks[B'] [B*]
=>ki[A*] = k3[B*][RH] + k4[A*][B*] + ksP*] [B*]
AH-C k2[AT [RH] + k^A*] [B*] - k4[A*] [B*] - ks[B*] [B*]
BH+C -  k3[B*] [RH] + l%[B'] [B* ] + k4[ A* ] [B*] + ks[B* ] [B* ]
k2[AT [RH] - ks[BT M  
"  ki[A*] + k5[B*][B*]
If k5 [B«] [B*] is small then it can be ignored in this equation to give the result
k2 [RH] 
kl
76
Chapter 3 
Measurement of the rate 
constants (kn) for hydrogen 
abstraction from 2,6-di-t-butyl 
4-substituted phenols 
by alkyl radicals
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3.1 Aims
1. M easurement of the ra te  of hydrogen abstraction from  
2,6”di-t-buty l-4-substituted phenols by alkyl radicals.
2. To determ ine what effects the differing functional groups 
have on this rate.
3. To find if it is possible to construct a Hammett type plo t for 
prediction purposes.
4. Is there any correlation to the ra te  of hydrogen abstraction 
by peroxyl radicals in tlie literature.
3.2 Synthesis of the phenols
Most of the phenols used for these experiments w ere 
commercially available, the only ones which required synthesis 
were the  p ara- nitro and -bromo derivatives. These were 
convenien tly prepared  by electrophihc substitution carried ou t on
2,6-di-t-butyl phenol (DBPh).
The bromo derivative was prepared  by the action of 
brom ine on DBPh in m ethy lene chloride, a t room  tem perature.
Bu^  3u^
CHgClgBr R.T
The nitro com potmd was prepared  by the trea tm ent of DBPh 
with concen trated nitric acid in  acetic acid, this reac tion was 
carried  ou t a t tem pera tu res ranging from  12-18^56,57^
Bu^  .Bu^
HNO3 +  O2N— 4  / )
Bu
78
3.3 Kinetic measurements
The m easurem en t of from  phenolic an tioxidan ts was 
attem p ted using the neophy l radical r e a r r a n g e m e n t 3 2 ,3 3 ,3 4 .  xhe 
m ethod used was the same as tha t em ployed in  m easurem en t of 
for the amine antioxidants. This involved generating the 
neophyl radicals in the presence of the phenolic antioxidan t, the 
radicals being generated by the decomposition of a diacylperoxide. 
Once the neophyl radicals had  been generated, they could either 
abstract hydrogen from the hindered phenol forming te r t - 
bu ty lbenzene or rearrange irreversibly to give the 2-pheny l-fe rr - 
butyl radical, which could also abs trac t hyd rogen from  the 
hindered phenol to form isobutylbenzene.
Initiation
0 Ô
ArOH ArOH
0
Schem e 3.1 
Reaction scheme for the 
kinetic experim en ts
The ra te  of the radical rearrangem en t could be calculated 
from  the known activation energy, the A rrhenius A - f a c t o r 3 8  and 
the tem pera tu re of the experim en t, hence the ra tio of te rt -
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butylbenzene to isobutylbenzene could be used to de term ine the 
ra te of hydrogen abstraction from  the phenols.
Analysis was by GC and  GC-MS. The products were identified 
by comparison of GC re ten tion times with those of authentic 
m aterials and by GC-MS where the products previously separated 
by GC are ionised in  a  mass spectrometer. Products can then be 
identified by the comparison of the mass spectra ob tained by GC- 
MS with those of the au thentic standards.
3.4 Results of product analvses
Analysis a t the end of radical clock reactions showed that 
along with the products expected from the neophyl 
rearrangem en t, significant am oun ts of 2-methyl-2- 
propeny lbenzene were also being formed. The proportions of all 
th ree products were affected by  changes in antioxidant 
concentration.
3.5 Alkene form ation and its effect on the m easurem en t of kg
As discussed in section 2.15 the alkene can be form ed by 
bo th radical disproportionation and via the carbocation. With 
radical disproportionation, increasing the concentration of the 
phenol decreases the am oun t of alkene form ed via this rou te. If 
however the an tioxidan t is able to induce the heterolytic scission 
of the diacyl peroxide, then  increasing its concen tration will 
increase the proportion of alkene found in the radical clock 
products.
G raph 3.1 shows how the  proportion of the alkene varies 
with an tioxidan t concen tration. The alkene form ation for both 
dipheny lam ine (DPA) and DBPh a t 373K are compared.
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3 £ := .% 3 -
0.0 0.1 0.2 0.3
□ DBPh 
♦  DPA
[ a n t i o x i d a n t ]
G raph  3.1 
Comparison of alkene formation 
for DPA and DBPh a t 373K
The most obvious difference between the two plots is tha t 
for dipheny lam ine the proportion of alkene decreases with
increasing am ine concentration, whereas increasing the
concentration of phenol, increases the proportion of alkene. Graph
3.2 shows tha t all the phenolic antioxidants behave in this
m anner.
3T3O
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6 -
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♦  OMe 
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[ a n t i o x i d a n t ]
G raph  3.2 
Alkene form ation for phenolic 
an tioxidan ts a t 393K
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Aitliough some of the alkene was form ed via the 
carbocation, radical disproportionation will still occur. It was 
therefore im portan t to be able to estimate the am oun t of alkene 
form ed via disproportionation, this was necessary for the 
calculation of k^ for the phenolic antioxidants.(See section 2.15)
3.6 Estimation of the disproportionation reaction
The total am oun t of alkene form ed is a sum of what is 
form ed via the carbocation and via disproportionation. A similar 
problem  was encoun tered with the am ine an tioxidan ts. It was 
assum ed tha t all the isobu ty lbenzene was foim ed by the 
abstraction of the phenolic hydrogen by the 2-pheny l-tert- buty l 
radical. The proportion of alkene was then  estim ated by 
multiplying the am oun t of the isobu ty lbenzene by the constants 
derived a t the end of section 2.15. At IZO^C this constan t had to 
be estimated due to a lack of data.
3.7 Radical clock results
These results were ob tained using an  estim ate for the 
alkene formed by disproportionation. The upper limits in  the 
A rrhenius plots assum ed tha t all the alkene was form ed via the 
carbocation. A lower lim it would be ob tained if all the alkene was 
produced by disproportionation. However for the m ajority of 
these results, this requ ired  the log of negative num bers.
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Resuit for 4-OMe-DBPh
3
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kj^ 393K = 13*10“^ 
kH373K = 6.7*10^ M-ls-l
k^ 353K = 21*10^M-ls"l
Arrhenius plot for 4-OMe-DBPh
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Results for 4-Me-DBPh
oc
[4 -M e -D B P h ]
kH393K = 6.3*10‘+M-ls-l 
373K = 3.5*10-+M-ls-l 
353K = 2.4*10+M-ls-l 
333K = 2.3*10+M -ls-l
Arrhenius  plot for 4-Me-DBPh
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Resul ts  for DBPh
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Results for 4-Br-DBPh
tocc
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kH393K = 58*104 
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Results for 4-N02-DBPh
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Arrhenius plot for 4-N02-DBPh
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3.8 Summary of the results and discussion
kn * 1 0 “'^
log (A/ Ea kcal
Phenol 393K 373K 353K M^ls"l) m ol'i
OMe 13 6.7 21 10/4 9.4
Me 6.3 3.5 2.4 8.5 6.6
H 7.9 4.8 2.4 9.5 8.3
Br 58 16 4.9 15.2 17
N32 700 300 170 12.1 9.6
From the above results phenols with electron withdrawing 
substituents in  the p ara  position were the most effective a t 
donating hydrogen to the neophyl radical.
As discussed already in the section on amine antioxidants, 
alkyl radicals are nucleophilic in na tu re and so are a ttrac ted  to 
areas of low electron density. With the hindered phenols the 2,6 - 
t- buty l groups are areas of high electron density. The phenolic 
hyd rogen sits between the two t- bu ty l groups. As this is a ttached 
to an  electronegative oxygen, it is an area  of low electron density 
and  so is attractive to alkyl radicals. Placing electron withdrawing 
substituents in the para  position will fu rthe r rem ove electron 
density  away from  the phenolic hydrogen in comparison to the t- 
buty l groups making it m ore attractive to alkyl radicals.
3.9 Hammett relationship
The Hammett relationship links the electronic effects of the 
functional groups with the log of the ra te  constants of the reaction. 
Since a  varie ty of functional groups had  been used a Hammett plot 
could be made.(see section 2.17).
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G raph  3.3 
Hammett type p lo t for kn a t 393K
A lthough there was no t a  particu larly good correla tion w ith 
Hammetts op values, when these were split into the ir respective 
field and resonance con tribu tions58, aj and o r, a good correlation 
was ob tained using a ’ values which were equal to (oj + 0.5*ap) 
from  which p' = 2.5 was obtained.
For the abstraction of hydrogen from antioxidants based on 
DBPh by the neophyl radical, electric field effects played a more 
im portan t role than resonance stabilisation. The positive gradien t 
and the high value of p also im ply tha t in  the transition state 
there is substan tial charge separation with the phenolic oxygen 
taking on a partial negative charge, which will be stabilised by 
electron withdrawing groups.
Ar— O—H 'CHg— R Ô+Ar— O------H------CHg— R
Ar—O' CHg—R
Schem e 3.2 
The abstraction of the phenolic 
hydrogen by alkyl radicals
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3.10 Comparison with litera tu re results for the trapping of alkyl 
radicals
There are very few results available for the abstrac tion of 
hydrogen from  phenolic antioxidants by alkyl radicals. The ra te  of 
hydrogen abstraction from  vitamin E was m easured a t 1.7*10^ M~ 
is-i a t 343K using the hexenyl radical rearrangem en ts^, a  sim ilar 
reac tion was m easured using pulse radiolysis a t room  
tem pera tu re, this time the alkyl radical was one based on 
cyclohexane from  which k^ was assum ed to be less than  or equal 
to 1*105 M-ls-l (SO. For the attack of the HOCH?* and the te r t -buty l 
radicals upon DBPh a t room  tem pera tu re these ra tes were 
m easured a t 702 and 93 M -ls'i respectively^!.
The m ost surprising result was tha t 4-nitro-DBPh is so 
effective a t trapping alkyl radicals with a k^ of abou t 1*1 0 6  M -ls‘ 
! a t  343K, which is only half tha t ob tained for vitam in E, which is 
known to be one of the m ost effective antioxidants.
3.11 Comparison with litera tu re results for the trapping of 
peroxyl radicals.
For hydrogen donation to peroxyl radicals, DBPh based 
an tioxidan ts with electron releasing substituents were the m ost 
effective. A com prehensive set of results has been ob tained using 
para-subs titu ted  DBPh an tioxidan ts to trap peroxyl radicals 
derived from  the au toxidation of ethylbenzene62. The ra te  
cons tan t a t which the para-methyl-DBPh donates hydrogen to 
these peroxy l radicals, was m easured a t 2.5*10"! M"!s“! a t 333K, 
for the neophy l radical ou r ra te  constan t was calculated to be 
2.3*10"! M-is"! a t the same tem pera tu re. For the 4-nitro-DBPh the 
peroxy l radical was trapped  a t a ra te  of only 1.1*10^ M 'ls"!, a t
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the same tem pera tu re the neophyl radical was calculated to be 
trapped a t a ra te  of 7.7*105 M~is~!, which is abou t 700 times 
faster.
A Hammett plo t has been m ade from  these results (graph 
3.4). They clearly show the effects tha t the functional groups have 
on ky. A good correlation was found between the ra te  a t which 
these radicals were trapped  and the op+ values for the electrical 
effects of the functional groups, the susceptibility p was m easured 
a t -1.3.
A similar correla tion was found with the tert -buty lperoxy l 
radical a t 237X63, k^ was m easured a t 2.5*10^ for the 
unsubstituted DBPh, a correlation was found with op+ cons tan ts^  
with p= -0.85.
B
Sigma +
G raph  3.4
Hammett plo t for the trapping of peroxyl radicals based on 
e thy lbenzene by p ara  substituted DBPh a t 333X62
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Discussion of results ob tained with alkyl and peroxyl radicals
The m ost obvious difference between the two sets of results 
was the fact tha t the phenol derivatives with electron 
withdrawing substituents were the most effective a t trapping 
alkyl radicals, whereas for the trapping of peroxyl radicals they 
were the least effective.
The m ost likely cause for these differences Ües in the nature 
of the abstracting radicals and  the transition state they form  with 
the phenols. Peroxyl radicals are electrophilic in na tu re and so are 
a ttrac ted  to regions of high electron density. This behaviour can 
be a ttribu ted  to the electronegativity of the oxygen on which the 
peroxyl radical is cen tred. Increasing the electron density  of the 
phenolic hydrogen will make it m ore attractive to peroxyl 
radicals. This can be achieved w ith electron releasing substituents 
in the para position. This behaviour is shown in the transition 
state; the peroxy l oxygen attrac ts electron density away from  the I
phenohc oxygen and so takes on some negative charge. The |
phenolic oxygen m being depleted of electron density takes on a  !
positive charge which will be stabilised by electron donating I
groups. i
iÔ+ 6— IAr— O— H * 0 0 ~ R   ^ Ar— —R |
i
 " Ar—O' HOO-R jÎI
Schem e 3.3 |iAbstraction of the phenohc hydrogen !
by peroxyl radicals
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For the attack of the neophyl radical on a phenol the 
opposite is true, in this case the alkyl radical is a ttrac ted  to 
regions of low electron density. Electron withdrawing substituents 
in  the para  position remove electron density away from  the 
phenohc hydrogen making it more attractive to the neophy l 
radical. In the transition state the phenohc oxygen takes on a 
negative charge, which is stabhised by electron withdrawing 
substituents, and the carbon a positive charge.
A simhar effect has been recorded in the abstrac tion of 
benzyhc hydrogens from para  substituted toluenes. SÜicon 
cen tred radicals are a ttrac ted to regions of high electron density. 
For the triethylsilyl radical a correlation was found with o* values 
for which the susceptibihty, p* was m easured a t +0.364 b u t for 
radicals cen tred on m ore electronegative elements a correla tion 
was found with op+ for which p was negative65.
3.12 Comparison with eguilibriiun studies66
The abstraction of hydrogen from  phenohc an tioxidan ts is 
subject to bo th  kinetic and therm odynam ic effects. The 
therm odynam ic effects have been isolated by the study of the 
equihbrium  ob tained between a mixture of phenols and  their 
corresponding phenoxyl radicals.
Ar— O' + H—O—Ar' Ar— O—H + O-Ar'
Results from  these studies show tha t phenols with e lec tron 
donating substituents form  the most stable phenoxy l radical. A 
Hammett plo t of these results is shown in  graph 3.5.
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G raph  3.5 
Hammett plo t derived from  the 
equilibrium  s tu d ies^
A good correlation was ob tained with op+ w ith p = -3. From 
these results it would be expected tha t phenols which form  the 
m ost stable free radicals would also be the best antioxidants and 
for the trapping peroxyl radicals this is indeed the case. For the 
trapping of the neophy l radical, kinetic factors may be of greater 
im portance than  therm odynam ic considerations.
3.13 Comparison with am ine antioxidants 
Alkyl radicals
The m ost obvious difference is tha t amine an tioxidan ts with 
electron donating substituents are the m ost effective a t trapping 
alkyl radicals, whereas phenols with electron withdrawing 
substituents are the m ore effective. The phenols having p = 2.5, 
are m ore susceptible to the electric effects of the functional 
groups than the am ine an tioxidan ts, for which p = -0.49. At 373K 
the actual ra te  constan ts vary from  3.4*10^ M“ls~l for the 4,4'- 
dim ethoxy derivative to 8.8*105 M -ls-l for 4,4'-
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dibromodiphenylcimine. Rate constants for the phenolic 
antioxidants ranged from 3*10^ for tlie 4-nitro derivative
to 3.5*10“* - for 4-methyI-DBPh.
Peroxyl radicals
Both types of an tioxidan t behave sim ilarly when the 
attacking species is a peroxyl radical. The ra te a t which DP A traps 
a peroxyl radical derived from tlie autoxidation of ethylbenzene 
was m easured a t 4.4*10-1 M“*s^  ^ 5% For DBPh this ra te was 
m easured a t 1.32*104 M"*s'l 1)-, bo th m easurem ents being made 
a t 333K. The electrical susceptibility was m easured a t p =-1.6 for 
tlie amine a n t i o x id a n t s 5 i> 5 2  and  -1.3 for the phenols. The fact that 
DPA is able to trap peroxyl radicals more effectively than DBPh 
com bined with the higher value of p m eans tha t amine 
an tioxidan ts with electron donating substituents will be the more 
effective a t trapping peroxyl radicals.
For trapping bo th peroxyl and  alkyl radicals together, the 
diary lam ine based an tioxidan ts witli electron donating 
substituents were the m ore effective.
Best high tem pera tu re  2.6-di-t-bu lyI-4-substituted phenolic 
an tioxidan ts ?
For trapping alkyl radicals, antioxidants based on 2,6-di-t- 
buty l-4-substituted phenols with e lectron withdrawing 
substituents were found to be the m ost effective. For trapping the 
neophy l radical a correlation was found with o' values which 
were equal to (oi + 0 .5*0 ^). The susceptibility p’ was found to be 
2.5. For trapping peroxyl radicals a correlation was found with o+ 
values, the susceptibility was found to be negative. For high
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tem perature applications the best solution may be to use a pair of 
phenolic antioxidants, one which has substituents in the para 
position with low values for trapping peroxyl radicals and a 
second with high o’ values for trapping alkyl radicals.
9 6
3.14 Experimental
4~Bromo~2,6-di-t-butyiphenoL To a stirred solution of 10.32g of 
DBPh, in 100ml of m ethy lene chloride were added 8 g of bromine 
dissolved in 50ml of m ethy lene chloride, the addition taking place 
over an  hour. The mixture was then left stirring for 10 hours. The 
solven t was then  rem oved along with any excess brom ine to leave 
the crude product. Purification was by recrystalMzation from  a 
mixture containing 80% ethanol and 20% water. Yld 8.4g, 59%; 
NMR IH (200MHz, CDCI3) ôy 1.3 (18H, s, 2 Bu9, 5.1 (IH, s, OH), 7.2, 
(2H, s. Aril)
4-Nitro-2,6-di-t-butylphenol^^, To a stirred solution of DBPh 
(10.32g, 0.05mol), in  100ml of cyclohexane were added  8ml of a  
1:1(V/V) m ix ture of nitric acid (d.1.42) and acetic acid in  50ml of 
cyclohexane, the addition taking 10  m inutes with the reac tion 
tem pera tu re  never exceeding 18^0. The solid produc t was 
dissolved in  m ethy lene chloride and  this solution was washed 
with water. Evaporation of the m ethy lene chloride yie lded the 
crude product. Purification was by recrystallization from  40-60 
pe tro leum  e the r which gave pale yellow crystals.
Yld 5.3g, 42%; mp 152-153oC, l i t  m pl54-155oC, NMR Rl (200MHz, 
ŒXI3) ÔH 8.1 (2H, s, ArH) 5.9 (IH, s, OH), 1.4 (18H, s, But).
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Chapter 4 
Performance of the amine 
antioxidants in the industrial
screening tests.
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4.1 Aims
1 . Is it possible to com pare am ine an tioxidan ts direc tly using 
the industria l screening m ethods?
2. To de term ine w ha t effect if any the oil basestock has on 
these results.
3. To com pare the results ob tained from  the industrial 
screening tests w ith the kinetic results for the trapping  alkyl 
and  peroxyl radicals.
4.2 Description of the ERGOT
The ERGOT was designed to sim ulate conditions w ithin the 
engine sum p, in  w hich bu lk  lub rican t au toxida tion occurs. The 
basic ERGOT essentially involves placing a 300g sam ple o f a 
lub rican t in to a large tube of abou t 75 cm in leng th  an d  5 cm in  
diam e ter and  heating it to tem pera tu res of around 150°G. Into this 
was placed a "bubbler" which, as its nam e suggests, was used for 
bubb ling  a ir th ro u g h  the sample69. To sho rten  test tim es, an  
oxida tion ca talyst consisting of an  oil soluble iron  com plex was 
added . The perfo rm ance o f th e  sam ple was th e n  ra te d  by 
rem oving  a sm all am o u n t an d  m easuring  th e  inc rease  in  
v i s c o s i t y 7 0 .  The sm aller the increase in  viscosity the  b e tte r  the  
sam ple had  perform ed. V aria tions on this basic te s t inc lude 
bubbling a  m ix ture of air and  engine exhaust gasses th rough  the 
sam ple and placing a condenser a t the neck of the tube  to reflux 
any volatile com pounds.
A no ther effec t of lu b rican t d eg rad a tio n  w hich can  be 
observed using the ERGOT is the form ation of sludge. The am oun t 
of sludge form ation can be estim ated by filtering a known volume 
of the well mixed sample. Any sludge which is ob tained  can be
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subdivided in to separate classes, products which are soluble in 
pen tane, chloroform and the insolubles.
ERGOT tests with am ine antioxidants
The main objective behind the ERGOT experiments was to 
determ ine if it could be used to differen tiate between the various 
am ine antioxidants and  if so, what effects do the functional groups 
have? Gan the ERGOT results be com pared with those ob tained for 
the trapping of alkyl and peroxyl radicals? What effects do 
changes in an tioxidan t concentration, tem perature and basestock 
com position have on these results?
4.3 ERGOT’S using NS150 as a basestock
NS150 was the m ost plen tifu l basestock available. It is a 
m ineral oü derived from  Nortli Sea crude and  consists of a 
complex mixture containing paraffinic, alkyl aromatic, aromatic, 
organic sulphur and nitrogen compounds.
The samples p repared  for the ERGOT were simply the 
an tioxidan t dissolved in  the basestock. The oxidizing agen t was air 
and  to speed up the test times an oxidation catalyst consisting of 
an  OÜ soluble iron  complex was included. All the following tests 
w ere ru n  a t IGS^C
The firs t experim en t w ith this basestock was to test all the 
an tioxidan ts a t the same concen tration, the results of which are 
p lo tted  over the page.
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As can be seen from  the g raph above, d ipheny lam ine, 4,4' 
d im e thy l and  4 ,4 'dim e thoxy deriva tives of d ipheny lam ine were 
able to p ro tec t the oil agains t viscosity changes. These were 
allowed to ru n  for 150 hours, b u t even after this tim e the best 
a n t io x id a n t  c o u ld  n o t  be  id e n t i f ie d .  T h e  4 ,4 '-  
dib rom odipheny lam ine offered some pro tection w hen com pared 
to a s tandard  which con tained no added an tioxidan ts.
To try  an d  d iffe ren tia te  betw een  the  v ario u s am ine 
an tioxidan ts the concen tration was varied. The initial experim en ts 
were carried  ou t over a wide range of concen trations. After each 
experim en t, the concen tra tions a t which the an tioxidan t w ent 
from  being ineffective to effective were located and  subsequen t 
tests were then  carried ou t between these concen trations values.
With this procedure it was found tha t the ERCOT was indeed 
very sensitive to small changes in am ine concen tra tion and  th a t 
each an tioxidan t had its own concen tra tion range over which it 
becam e ac tive. Using th is p ro p er ty  it was now possible to 
differen tia te between the various am ine an tioxidan ts. The results 
of these experim ents are plo tted over the page.
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Ercot result in NS150
for dlphenylamine
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[ a mi n e ]
Diphenylamine became effective as an an tioxidan t a t 
concentrations above 0.008273 molal.
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Ercot  in NS 150
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60  -
50 -
40 -
30  -
20 -
10 -
0 .0 0 4 0 .005
[ a mi n e ]
Q viscosity
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4,4’-Dim ethyldiphenylamine was found to be effective as an 
an tioxidan t above 0.004642 molal.
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Ercot result in NS150 for
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[ a m i n e ]
4,4'-DimethoxycÜphenylamme was found to be effective as 
an  an tioxidan t above 0.005608 molal.
Erect results for 4,4’ 
d i b r o m o d i p h e n y l a m l n e
70
60  -
50  -
40 - H viscosity after 17 h
30  -
20 -
0 .005 0.010 0 .015 0.020 0.025
[ A m i n e ]
4,4'-D lbrom odipheny lam m e was found to be effective as an 
an tioxidan t above 0.01749 molal.
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Summary of ERCOT results in NS15Q
Min. effective
D ia ry la m in e  c o n c e n tra t io n
PI12NH 0.008273
4,4’-diMe 0.004642
4,4’-diOMe 0.005608
4,4’-diBr 0.0175
4 ,4 '-diN0 2  insoluble
Using the criteria tha t the m ost active an tioxidan t was the 
one which perform ed a t the lowest concentration, 4,4’- 
dim ethy ldipheny lam ine was the found to be the m ost effective. 
The activity of the an tioxidan t was found to decrease in  the 
following order, Me > OMe > H > Br. The 4,4’-dinitrodiphenylamine 
was insoluble in  the  oil basestock. The results ob tained from  the 
ERGOT’S in  NS150 d id  no t correla te well with the kinetic results 
ob tained using alkyl and  peroxyl radicals 51,52,
Hammett relationship
The ra te  a t  which the am ine an tioxidan ts are able to m op up 
any free radicals is dependan t upon a  ra te  constan t k, which in  
tu rn  is dependan t upon the an tioxidan t and its concentration. For 
a  system  in  which the ra te  of initiation was constant, then  if 
k[Amine] > the ra te  of radical generation, then  the sample will no t 
undergo rapid  autoxidation. For ERCOT’s ru n  in NS150 such a 
situation appeared  to have existed. The ra te  k, a t which radicals 
were trapped  is proportional to 1 / [amine], when the [amine] was 
jus t high enough to preven t the oxidation process. Diphenylamine
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was chosen as the standard amine antioxidant, to which all the 
o ther amhie antioxidants were compared, from  this, kg, was 
assum ed to be proportional to [diphenylamine] !. Therefore k /k o  = 
[diphenylamine] / [amine], from  this k  could be expressed in  terms 
of kg. The log k /k g  was used to construc t a Hammett plot. A 
correlation was found witli o ' values = (o% + 0.92*or)58, the 
susceptibility p’ = -1 .2 , where o; and o r  are the contributions 
m ade by the field and resonance effects respectively.
Hammett type plot 
for the ERCOT resul ts
0.3
0.2 -
oJv: 0.0  -
o>o
- 0.2  -
-0 .3  -
-0 .4
- 0.2 - 0.1 0.0 0.1 0.2 0 .3
sigm a (1+0.92r)
For trapping alkyl and  peroxy l 51,52 radicals a  correlation was 
found when the log kn was p lo tted  against o  + 77, the susceptibility 
p = -0.49 an d  -1.6 respectively.
4.4 ERCOT’s using o ther basestocks 
Paraffinic basestocks
The basestocks used  for these experim en ts were either the 
technical white oil, which is a  highly refined oil, consisting of only 
the paraffinic com ponen ts of the original m ineral oil o r the poly 
alky lated olefins, (PAO) which is a  fully synthetic paraffinic
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basestock. Samples p rep ared  for the ERCOT’s sim ply involved 
dissolving the am ine in to the basestock.
The firs t set of ERCOT’s was a d irec t com parison of all the 
am in e  an tio x id a n ts . T hese w ere d isso lv ed  in  PAO a t  a 
concen tration of 0.0169 molal. To speed up test times an  oxidation 
ca talyst of iron  was included. The viscosity of the sam ples a t the 
s ta r t  of these  tests  was 8.75 cen tipoise. The v iscosity  was 
observed after 16 hours, the results are shown below.
Viscosity of pao after 
16 hours
40
30
o  20  u (0
10
Me OMe H Br None
A m in e
Viscosity
The g raph  above shows th a t  afte r only 16 hours all the  
sam ples have subs tan tially increased in viscosity. The sam ples 
showing the  sm allest increases in  viscosity w ere assum ed to 
co n ta in  the  b est an tioxidan t. In th is bases tock am ines w ith  
e lec tron dona ting substituents were the m ost effective, w ith the 
4 ,4 ’-dim ethoxy-dipheny lam ine proving to be the best an tioxidan t.
The effect of changes in am ine concen tration
The nex t se t of experim en ts were designed to es tablish  
w he ther the oxidation process was slowed down by the  presence 
of the an tioxidan t, or was there an  induction period during which
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time the autoxidation was inhib ited  until all the an tioxidan t was 
consum ed after which the sample rapidly oxidized.
For these ERCOTs bo th  diphenylam ine and 4,4'-dimethyl 
dipheny lam ine were used as the antioxidants. The samples 
consisted of the an tioxidan t dissolved in the basestock. The 
m easurem en ts used for these experim ents were grams of 
an tioxidan t in  350g of the basestock. Samples were rem oved 
every hour for a viscosity reading. The results are shown below.
Ercot , effect of dpa  cone 
on viscosi ty of pao
30
20  -
10 -
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□ 1gd p a  
♦  .75g dpa 
o  .5g dpa
t i me h ou r s
The first g raph  shows the effect tha t dipheny lam ine 
concen tration has on the viscosity of the samples. The induction 
period increases by abou t 1.5 hours for every 0.25g added  to the 
sample.(This corresponds to an  increase in amine concen tration of 
1.48*10"^ molal)
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Ercot , effect of conc of 
4,4'-Me on viscosi ty of PAO20
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The results ob tained for 4,4'-dim ethyldiphenyIam ine are 
similar to the ones ob tained for diphenylam ine, in tha t the 
addition of an ex tra 0.25 g of am ine increased the induction period 
by abou t 1.5 hours. (This corresponds to an  increase in 
concentration of 1.25*10"^ molal )
Ercot resul ts  in pao for 
dp a  and 4,4 '-Me
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♦  1 g 4,4'Me
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The final graph is a  direc t com parison of the two 
an tioxidan ts, i t  shows th a t Ig  of the dim ethy l derivative has a 
longer induc tion period than  Ig  of diphenylam ine. Gram for gram
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the dim ethy l derivative was a  be tter an tioxidan t than 
dipheny lam ine despite its higher molecular weight.
The results show tha t there was an induction period  during 
which the autoxidation was a slow process. After this induction 
period the autoxidation proceeded rapidly. The best an tioxidan t 
would therefore be the amine which had  the longest induction 
period  w ith all o ther criteria being equal.
The final set of ERCOT's were ru n  to find ou t if the re was an 
am ine concen tration above which the sample behaved like the 
ERCOT’s ru n  in  NS150. The basestock used was technical white oü. 
The experim en ts were ru n  a t 165oC in the presence of an  iron 
based oxidation catalyst, Diphenylamine was used  as the 
an tioxidan t. The am oun t of dipheny lam ine in the sam ple was 
varied between 0 and 2% by weight (0 and 0.118 molal). The 
results of this experim en ts are shown below.
DPA in tech white
600
5 0 0 -
400 -tÎ:> 3 0 0 -2 0 0 -
100 -
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The sample containing 2% DPA, showed no increase in 
viscosity after 16.7h. This sample was allowed to run for a  longer 
period, bu t it lasted less than 40 hours.
Viscosity stability of tech white 
oil with 2% DPA
1000
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p  4 0 0 -
200 -
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These experim ents confirmed th a t the amine antioxidants 
were able to con trol the autoxidation for a certain induc tion period 
which was dependan t upon their concentration. Once aU the 
an tioxidan t had  been consumed the autoxidation process could 
proceed uninhibited.
Summary of ERCOT results in paraffinic basestocks
ERCOT’s ru n  in  PAO and technical white oÜ, using 
diary lam ines as the only an tioxidan ts, had  a lim ited lifetime 
before they would s tart to increase in  viscosity. The lifetime of the 
sample was found to be proportional to amine concentration. The 
m ost effective an tioxidan t was found to be the 4,4’-dimethoxy 
derivative. The order of effectiveness was OMe > Me > H > Br. This
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agrees with kinetic studies using peroxyl r a d i c a l s 51.52 as well as 
the radical clock results.
A m ix ture of NS150 and PAO
A m ix ture of polyalkylated olefin and  NS150 was used as 
the basestock. The proportion of NS150 was varied between 0 and 
75% by weight. Diphenylamine was used as the an tioxidan t at 
0.286% by weight except for one test which was ru n  in  pure PAO 
with 0.587% dipheny lam ine by weight. This was used for 
comparisons. The results are plo tted below.
Viscosity stability of PAO / NS150NL
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The results above show th a t PAO with 10% NS150 and 
0.286% dipheny lam ine was m ore resis tan t to au toxidation than  
PAO with 0.587% dipheny lam ine. This shows th a t something in  the 
NS150 was acting as an  an tioxidan t. At 10% NS150 the lifetime is 
im proved dramaticaUy and  with 25% NS150 presen t the viscosity 
stability  was com parable to th a t of 100% NS150. It was also 
no ticed tha t sludge form ation only occured in  samples contaimng 
NS150.
I l l
4.5 Effect of tem perature on am oun t of diphenylamine required 
for viscosity stability in NS 150
The am oun t of diphenylam ine was varied between 0.15 and
0.35% by weight, the basestock used was NS150; to speed up the 
oxidation process an  oxidation catalyst was included. The test was 
ru n  a t 185°C. The results of tliis experim ent are plo tted below.
Effect of temperature on viscosity stability
Q .
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Q .25%  
♦  .35%
time/h
At 0.15% DPA the viscosity increase a t 185oC was too rapid 
for m easurem en t, 0,14% by weight was required a t 165°C to give 
good viscosity stability, hence increasing the tem pera tu re 
increases the am oun t of dipheny lam ine required to give good 
oxidation control. For the o the r tests, the increases recorded were 
higher than  for a  similar sample a t 165^»G
The fact tha t a higher concen tration of dipheny lam ine was 
required  a t the higher tem pera tu re m ay be due to a  greater 
increase in  the ra te  of radical initiation and propagation reactions 
when com pared to the inhibition reactions.
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4.6 Differential scanning calorimetry (DSC)
The DSC was used to assess a  lubricant's resistance to 
oxidation. The technique involves heating a small sample of the 
lubrican t to a high tem peratures under an  atmosphere of pure 
oxygen a t ZOOp.si. The tem pera tu re of the sample is then  
m onitored. In general there is a  period during which the sample is 
able to control autoxidation, a  so called 'induction period' after 
which there is a  second period where the oxidation of the oil 
occurs rapidly. The DSC’s can be either catalysed or uncatalysed. 
Catalysed DSC's are ru n  a t 19QoC. The oxidation catalyst consists of 
oil soluble lead and iron compounds. Uncatalysed DSC’s are ru n  a t 
210%
Effectiveness of various an tioxidan ts
The an tioxidan ts were aU 4,4'-diarylam ines dissolved in  
NS150 basestock a t 0.0144 molal concentration. The catalysed 
tests con tained SOOppm of iron and ZOOOppm of lead.
Results
Effectiveness of 4,4'-dlarylamines (catalysed)
0)CI
stan d
ind time 
EOT
Time / mins
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Effectiveness of 4,4'~diarylam ine  
antioxidants (uncatalysed)
none
E<
ind time 
EOT
time min
With all the DSC’s carried out in NS150 4,4’-
dim ethy ldipheny lam iue was the m ost effective antioxidant. The 
order of effectiveness was Me > OMe > H > Br. These results 
correlate well w ith the ERCOT’s ru n  in  NS150 bu t no t so well with 
kinetic studies using alkyl and  peroxyl 51,52 radicals, h i general, 
amines with electron releasing substituents in the p ara  positions 
were the m ost effective an tioxidan ts.
Effect of basestock on the DSC’s
The basestock used for these experiments con tained a 
m ix ture of NS150 and PAO, the percen tage of NS150 is shown in 
the results. With aU these DSC’s dipheny lam ine was used as the 
only antioxidant. This was presen t a t a  concen tration of 0.01696 
molal. The results are shown over the page.
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Oxidation stability of a PAO/NS150 
mixture (C a ta ly se d )
75
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The results show th a t for the catalysed system the straigh t 
basestocks have the longest induction period, the m ixture 
containing 50% NS150 h ad  the shortest lifetime. The addition of 
NS150 appeared to shorten  the lifetime of the PAO sample.
DSC resu l t s  for a PAO/NS150 
mix ture (U n ca ta ly sed )
zom
COZ ■  Induct n  EOT
Time mins
With no oxidation catalyst presen t the sample w ith the 
highest proportion o f NS150 h ad  the longest life span.
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Effect of am ine concen tration on induction times
For these experim en ts the am ine was presen t a t 0.01696 or
0.03487 molal. The DSC's were carried ou t in a  pure PAO 
basestock. The results are shown below.
Effect of [DPA] on induction times in PAG
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The results show tha t for bo th  the catalysed and  unca talysed 
systems increasing the concen tration of amine increased the 
induction period.
4.7 Discussion of the  results
The industria l screening tests carried ou t in  the NS150 
basestock found the best an tioxidan t was the 4,4'-dim ethy l- 
dipheny lam ine. A Hammett plo t derived from  the ERGOT results 
gave a good correlation when o'= (oj + 0.92*or), w ith the  
suscep tibility p' = -1.2. However in  PAG the 4-m ethoxy deriva tive 
was the  m ost effective an tioxidan t.
Ano ther observation was th a t ERGOT'S ru n  in  NS150 
appeared  to have an  alm ost indefinite lifetime w hen the 
an tioxidan t was p resen t above a certain 'critical concen tra tion'
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whereas in  PAO the sample lifetime was proportional to the amine 
concentration.
The DSC's ru n  with PAO/NS150 mixtures in  the presence of 
the oxidation catalyst gave the result th a t the samples with the 
highest proportion of PAO was the m ost stable whereas without 
the catalyst the samples w ith the highest proportion of NS150 
were the m ore resistan t.
The m ost likely explanation involves the oxidation products 
of the basestocks. The NS150 contains organic sulphur compounds 
which on oxidation give strong sulphur based acids which can act 
as powerful peroxide decom posers so preven ting radical initiation.
The DSC's ru n  with PAO/NS150 mixtures wiU form  these 
strong acids. The m etal catalyst m ay reac t w ith the acids 
effectively removing them  from  the experim ent. The PAO is 
inheren tly resis tan t to oxidation due to the high streng th  of the C- 
H bonds. NS150 contains alkyl aromatic com pounds which readily 
undergo autoxidation, hence in  the absence of the strong acids the 
PAO/NS150 m ix tures would m ore readily undergo autoxidation. 
At h igher proportions of NS150, so m uch acid m ay be form ed tha t 
it  m ay be able to reac t w ith all the catalyst leaving some to act as 
an  an tioxidan t. This type of behaviour would explain why when 
the sample which con tained 50% PAO/50% NS150 had  the shortest 
induction tim e b u t as the  proportion of NS150 was further 
increased so the induction time also increased. DSC's ru n  with 
PAO/NS150 m ix tures w ithou t the catalyst would be able to form  
the acid, hence increasing the proportion of NS150 increased the 
induction period.
The form a tion of a  strong acid would also affect the 
chem istry of the ERCOT's. The presence of sludge in samples
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containing NS150 indicated tha t strong acids were being 
generated. The acids are able to decompose hydroperoxides via a 
non-radical pathway. Eventually an  equilibrium  situation would 
exist when the ra te  of form ation of the hydroperoxides = the ra te  
of their destruction, this in  tu rn  would lead to a constan t peroxide 
concen tration and hence a  constan t ra te of radical initiation. If the 
amines are able to keep the average num ber of propagation steps 
below one then the au toxidation would be a slow process. This 
leads to the 'critical concen tration' which is the m inimum 
concen tration of an tioxidan t required to achieve thisl97.
Even under these conditions it would be expected th a t there 
would still be some consum p tion of the antioxidants. When the 
concen tration falls below the critical value then the autoxidation 
process would be expected to proceed a t  a  rapid  rate. ERCOT's run  
with am ine concen trations jus t above the critical concen tration 
showed no significant increases in  viscosity, even when the 
experim ents were ru n  for 70 hours. The fact tha t the autoxidation 
h ad n 't taken hold could be due to secondary chain stopping 
antioxidants being genera ted from  the basestock.
This though does no t seem to be the case. If secondary 
an tioxidan ts were being form ed then the ra te  of autoxidation 
would be expected to slow down. When experim en ts were run  
w ith the concen tration of am ine jus t below the critical value the 
ra te  of degradation of the sample appeared to accelerate 
indicating tha t the form a tion of secondary antioxidants was no t 
im portan t. The alterna tive is th a t the amines were n o t being 
consumed.
As discussed in  section 1.7 of chap ter one, amine 
an tioxidan ts are converted th rough a  series of stages to the ine rt
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iV^phenyl-o or p-benzoqiiinoneirnine-N-oxide. The final step of 
this process is the reaction of the diary l-nitroxide with peroxyl 
radicals. To inhibit the consumption of the amine antioxidant the 
pathw ay which eventually forms the nitroxide m ust become 
unfavourable. The presence of the strong acid opens up the 
possibility of a catalytic cycle which preven ts the form ation of the 
nitroxide and hence preven ts the consumption of the amines.
ROO'
O'I
Ot
— ^
ROO— V  1H
+ ROH
Schem e 4.1 
Destruction of diarylamine 
antioxidants
The first step of the proposed catalytic cycle is the 
abstraction of the aminyl hydrogen by an  alkyl or peroxyl radical.
ROO' + ArgNH ROOM + ArgN"
Schem e 4.2 
Abstraction of the aminyl hydrogen 
by a peroxyl radical
The resulting amhio radical is able to combine w ith a  peroxyl 
radical. The resulting interm edia te can decompose to give a  ketone 
and  a diaryUiydroxylamine which in  tu rn  leads to the form ation of
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nitroxide. The mechanism  of this reaction involves the cleavage of 
the 0 -0  bond to form  alkoxyl and nitroxide radicals, these two 
radicals then disproportionate to give the hydroxylamine and 
ke tonel.
. . / r
H-—Q —-O — O  +  N  
R' Ar
\  / rH - C - 0 - 0 —
R' Ar
R. Ar
H -C -0 ' "0-N
R' Ar Solvent
cage
Rs / rC = 0  + HON 
R' Ar
/ r
H - C - 0 ’ ’O-N.
R’ Ar
Schem e 4.3 
Thermal interactions of the 
aminyl and peroxyl radicals
h i the  presence of a  strong acid the nitrogen can be pro tona ted, 
the  resulting interm edia te m ay then  be able to decompose giving 
a carbocation, diphenylam ine and oxygen. The carbocation can 
e ither react with any nucleophiles or eliminate a  pro ton to give an 
alkene.
R^ k x
H—0 — O— O—  N 
R’ Ar
R.
H' R.
H Ar
R' Ar
H Ar
0 = 0  n'
R' Ar
Schem e 4 .4  
The possible m echanism  for acid catalysed 
decomposition of a  iST-peroxyalkane
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If scheme 4.4 is m ore rapid  than  4.3 then the amines will 
only be consum ed a t a slow rate, however if scheme 4.3 is the 
m ore im portan t then the amines will be rapidly consumed.
hi the presence of a strong acid the most active antioxidant 
would be the one which is able to go through the proposed 
catalytic inhibitory cycle the most rapidly. This could explain why 
4,4'-dim ethy ldipheny lam hie was a more active an tioxidan t in  
NS150.
A possible alternative to the activity problem  is tha t the 
pro tona ted  amines have differen t activities to the unpro tona ted  
forms so the overall activity would be dependan t upon the 
am oun t of pro tonation and  the activities of the pro tona ted and 
unpro tona ted  forms of the amines. This again could lead to the 
4,4'-dim ethy ldipheny lam ine being m ore active than  the 
corresponding m ethoxy derivative. However the activities of the 
m ethoxy and  m e thy l derivatives were similar, so experim en tal 
errors could also make the m ethy l derivative appear m ore active.
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4.9 Experimental 
ERCOT's
A 350g ERGOT sample was prepared  by dissolving the 
required  am oun t of an tioxidan t into 200g of the basestock. The 
sam ple was then m ade up to 350g by the fu rthe r addition of the 
basestock. From this 300g was placed in to the ERGOT tube. To this 
was added an oÜ soluble iron catalyst. The iron was p resen t in the 
sam ple a t 40ppm. The samples were then placed in to the oven a t 
the desired tem pera tu re and  air was blown th rough them .
Small samples of approxim ately 10ml were periodically 
rem oved and  their viscosity was m easured a t 40^0 on a  Haake PK 
100 viscometer.
DSC samples
The DSC sample weighed 30g. The sample was p repared  by 
dissolving the required am oun t of an tioxidan t in  20g of oil, to this 
was added  0,05g of ferrocene and 0.25g of a s tandard  lead 
solu tion comprising 24% by weight of lead. The sam ple was then  
m ade up  to 30g.
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Chapter 5 
Slow release antioxidants
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5.1 Aims
1. Synthesis of a num ber of dipheny lam ine derivatives as 
possible candidates for slow release antioxidants.
2. To subject these com pounds to a  series of lab. tests to 
determ ine which, if any, are po tential slow release 
antioxidants
3. To try  any po tential candidates in  the industrial bench 
oxidation tests.
5.2 Slow release an tioxidan ts
As an automotive oÜ ages it consumes its supply of 
antioxidants. Delayed release compounds are in tended to 
in troduce fresh antioxidants as the older ones are depleted. The 
ideal slow release agen t should in troduce fresh an tioxidan t over 
the  entire lifetime of the  lubrican t. On average a  m o tor oil is 
changed every 6-10,000 miles which corresponds to around 100- 
200 hours driving, therefore these compounds should decompose 
over a  similar time period in  a  fired engine.
The types of com pounds seen as po tential candidates were 
the N-amides, iV^silyl am ines, N^oxides and N-alkyl derivatives of 
diphenylamine.
The amides
The amides were designed to be hydrolysed by any acids 
which form  while the engine is running. The products are the free 
am ine and  a  carboxylic acid.
H+ArgNCOR + HgO ------► ArgNH + HOCOR
Schem e 5.1 
Hydrolysis of the amides
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The main drawback in using amides is tha t the hbera ted  
carboxyHc acid could cause lead corrosion problems. (Lead is used 
for m any of the plain bearing surfaces of an engine.) Possible 
ways of overcoming this problem  are to use amides prepared  from  
dicarboxylic acids such as terephthalic acid, the free acid is known 
to be able to inhibit lead corrosion by the form ation of a  
pro tective film72. Or to use amides in  which the free carboxylic 
acid would rapidly decarboxylate unde r the conditions within a 
fired engine.
Although the amides can be easily prepared  by the 
trea tm ent of diary lam ines with carbony l chlorides, they  were 
never seriously investigated.
ArgNH + aCOR — EHËÏÏ®— ► ArgNCOR + ■ HCI
Schem e 5.2 
Synthesis of amides
MSilyl compounds
These com pounds upon hydrolysis give the free am ine and  a 
silicone oil. The N-silyl derivative has the added  advan tage of 
generating a silicone oü, which acts as an  an tifoam an t within the 
lubricant.
The a ttem p ted  synthesis of this class of com pound was by 
the trea tm ent of the am ine with a silyl chloride73.
ArgNH + Cl—Si-— ArgN—Si— + HCI
Schem e 5.3 
A ttem p ted synthesis of 
N-sïïyl com pounds
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The N-sïfyl com pound was never isolated after an aqueous work 
up, hence it was concluded tha t this class of com pound was too 
easily hydrolysed to w arran t fu rthe r investigation.
I H+ IArgN-SI—  + HgO ------^  ArgNH + H O -S i
Schem e 5.4 
Hydrolysis of the APsilyl 
compounds
N-Oxides
These compounds were designed to decompose upon 
thermolysis in  the high tem pera tu re regions of the engine, giving 
an  alkene and a  diarylhydroxylamine.
9 ' /C H -R
ArgN—GHz  ► ArgNOH + C H z = C H -R
Schem e 5.5 
Thermolysis of tertiary amine 
N^oxides
The a ttem p ted  synthesis of these com pounds was by the 
action of hydrogen peroxides upon a tertiary dipheny l, alkyl 
am ine74.
?ArzN-CHz-CHg-R + HzOg — —■ »- ArzN-CHz-CHz-R + HgO
Schem e 5.6 
Synthesis of the te rtiary am ine 
N^oxides
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Several attem p ts were m ade to synthesize these com pounds. In all 
cases a deep red oil was produced upon working up, which on 
exam ination by electron spin resonance, tu rned  ou t to be the 
diary l nitroxide radical.
These compounds are known to decompose by a process of 
p-hydrogen elim ination's, if derivatives were p repared  without 
any p-hydrogens, for example the N-methyl derivative, then  the 
elimination reaction could no t occur. Such compounds may be of 
some use as slow release an tioxidan ts. However, in  general these 
com pounds were therm ally too unstable to w arran t fu rthe r 
investigation.
N-Alkylated diary lam ines
Of aU the com pounds investigated the N-alkylated 
diary lam ines were th e  m ost promising. At the  elevated 
tem pera tu res found in  some regions of car engines, these 
com pounds were expected to decompose by p-hydrogen 
elimination, to give a diary lam ine and an  alkene.
ArgN-CHg-CHg-R ArgNH + CHg=CH— R
S chem e 5.7 
Thermolysis of iV-alkyl dipheny lam ine
5.3 Synthesis
Due to the poor nucleophihc na tu re of dipheny lam ine m any 
of the  m ethods tried  gave poor yields. Good yields of the  n-alkyl 
deriva tives were even tually ob tained by refluxing the am ine with 
a  trialkylphosphate76.
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3 ArgNH + 0P(0R)3    3 ArgNR + OP(OH) 3
Schem e 5.8
Synthesis of iV-alkyl DPA , using a 
trialky lphospha te
The N ,N ,N % N '- te tr a p h e n y le th a n e -1 ,2 -d ia m in e  w as 
synthesized  by hea ting  dipheny lam ine in the presence of tri(2- 
chloroe thy l) phospha te. A ttem p ts to synthesize the 2-ch loroethy l 
deriva tive were by refluxing the m ix ture in  the presence a high 
boiling in e rt solvent.
D pflijyArgNH + OP(OCHgCHgCI)3  ~  > ArgN-CHg— CHg— NArg
ArgNCHgCHgCl 
Schem e 5.9
Reaction of DPA with OP(OCH2CH2Cl)3 
under differing conditions
For b ra n c h e d  alky l d e riv a tiv es  th is  m e th o d  p ro v ed  
ineffec tive. These w ere finally synthesized  in  good yie lds by 
reflux ing  the  am ine w ith  the  ap p ro p ria te  alky l iod ide over 
m agnesium  turnings77.
ArgNH + Rl    ArgNRReflux
Schem e 5.10
Synthesis of secondary AT-alkyl 
derivatives
For N-ethyl deriva tives w ith functional groups p resen t on 
the p-carbon, the best m ethod found was to reflux the am ine w ith 
e th y l e n e  c a r b o n a t e ,  th i s  g a v e  N-( 2 -hydroxyethy l)
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d ip h en y lam m e7 8 . The alcoholic function could then be 
m anipulated to give o ther functional groups.
ArgNH AHgC— CHg ArgNCHgCHgOH + COg
Schem e 5.11 
Synthesis of the 7V-( 2-hydroxyethyl) 
diphenylamine
The bromo com poimd was synthesized by the trea tm ent of 
the alcohol with phosphorus trib ro m id e^^ .
3 ArgNCHgCHgOH + PBrg 3 ArgNCHgCHgBr + P(OH)a
Schem e 5.12
Bromination of iV-( 2-hydroxyethy l) 
diphenylam ine
O ther m ethods tried included alkylation via the AAalkali 
m e tal diphenylam ide. The am ide anions were form ed by a  variety 
of m ethods. These inc luded the trea tm ent with buty l lithium^0,8i^ 
liquid sodium in  toluene, sodamide and sodium hydride. The 
alkylating agents tried  were alkyl halides, t o s y l a t e s ^ ^  and 
phospha te  esters. In all cases the percen tage of N-alkylation was 
low.
5.4 Thermal decomposition
The aim of these experim en ts was to evaluate the effects 
th a t the differing alkyl groups have on the therm al stability of the 
A^alkylated dipheny lam ines and  to iden tify the m ajor products
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from  their pyrolysis. To com pare the therm al stabilities of these 
compounds the am oun t of decomposition was m easured at a 
constan t tem perature. The most stable amine would be the one 
with the highest proportion of starting m aterial rem aining after 
the thermolysis. The techniques em ployed for this study were 
flash vacuum pyrolysis (FVP) and  conventional pyrolysis. (For 
m ore details on pyrolysis techniques see ref. 83)
FVP involves vaporising the test sample and  passing it 
through a  ho t tube under high vacuum  conditions. The products 
are then condensed within a  Hquid nitrogen trap. The 
tem pera tu res involved w ith FVP can be up  to lOOQoC, bu t the 
reac tan ts are only in  con tact w ith the ho t region for a few 
milliseconds.
Conventional pyrolysis is carried ou t a t m uch lower 
tem pera tu res b u t the con tact times are only lim ited by the 
experim en tal requirem en ts.
To determ ine which o f the com pounds were the  m ost stable 
the products of the pyrolyses needed to be analysed. The 
techniques employed were NMR, GC-MS, GC and  thin layer 
chrom atography (TLC).
5.5 Conventional pyrolysis
The conventional pyrolyses were carried ou t in  a  heated 
fluidized sand bath. The samples were p repared  by placing a few 
drops of the N^alkylated am ine in to 2ml am poules, these were 
then  degassed and  sealed u n d er a  few Ton* of nitrogen.
The pyrolysis involved placing the samples under the 
surface of the sand and  rem oving them  after a  known time. The 
tem pera tu res of the experim en ts were m onitored  using a
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thermocouple. The experiments were s tarted  a t a tem pera tu re of 
2500C and increased by 25^C for each experimental run. A norm al 
ru n  used 6 samples, one of which was rem oved each hour.
The percen tage of decomposition was estim ated by using iH 
NMR. This was possible because the aromatic rings were 
unaffected by the thermolysis, so changes in the ra tio of the 
aromatic to alkyl hydrogens could be used to m easure the 
percentage decomposition.
Problems experienced w ith this set-up were tha t the 
samples kep t coming lose and floating up to the surface, where the 
tem pera tu re was cooler by as m uch as 100<X]. Also, within the 
samples, there was no pressure release m echanism  so occasionally 
they  exploded. At 35QoC the procedure was abandoned due to the 
samples exploding. For all the experim en ts N-ethy ldipheny lam ine 
was used.
Results
25QOC no appreciable decomposition after 6 hours 
2 7 5 0 c  no decomposition 
30QOC no decomposition
3 2 5 0 c  6 hours, 5 % of decomposition, k^ -  2.4*10-6 s-i.
35QOC I hour, 7% decomposition, kjj=2*10"5 s“l.
2 hours, 38% decomposition, k^==6.6*10-5 s-i.
Average 4.3*10-5 s-l.
O ther samples cracked o r broke free.
Product analysis
The produc ts of these reac tions were analysed by  NMR and 
TLC, Apart from  the starting m aterial, the only produc t detected 
was dipheny lam ine.
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5.6 FVP experim en ts
The am o u n t of d ecom position  th e  N -alky la ted  am ines 
u ndergo  du ring  py rolysis will be d ep en d an t up o n  th e  ra te  of 
decom position and  the tim e the molecules are in con tac t w ith the 
ho t zone.
The experim en ts w ere ru n  a t  a  p ressu re  of 5*10-3 Torr, 
m easured  w ith  a  Pirani gauge betw een the cold trap  an d  the oil 
pum p. U nder these conditions it was assum ed th a t  m olecular 
in te rac tions were minimal, hence the flow th rough  the  ho t zone 
was m olecular. The con tac t tim e was estim a ted from  the  velocity 
of the molecule and  the leng th  of the ho t zone.
The ve locity  of the  m olecule th ro u g h  the  h o t  zone was 
estim a ted from  the kinetic energy the molecule would have a t the 
therm olysis tem pera tu re. The kinetic energy of a free m olecule is 
3 /2  RT, 1 /2  RT for m ovem en t in  each dim ension, w here R is the 
gas cons tan t and T is the absolu te tem pera tu re. Molecules passing 
th rough  a ho t zone of tem pera tu re T will have a velocity along the 
tube averaging (RT/Mi.)l/2 ms-l, where M  ^is the m olecular weight 
of the molecule in kilograms. The leng th  of the ho t zone was also 
known, hence the ra te of decomposition a t each tem pera tu re could 
be es tim a ted . From th is the  pre-exponen tial fac tor an d  the  
ac tiva tion energy were ob tained, although these w ould be very 
crude estim ates. The produc ts of the FVP were cap tu red  using a 
trap  cooled by liquid nitrogen.
The percen tage decom position was es tim a ted from  the iH 
NMR integral ra tio’s and  by GC. Product identification was by GC- 
MS, isolation of any produc ts was by TLC after which iH NMR and  
MS were applied. After the FVP, the arom atic hydrogens were left
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relatively intact and so could be used as a reference to m onitor 
disappearance of the alkyl groups.
The samples used for these experiments were the N-methyl 
(Ph2N-Me), JV-ethyl (Ph2N-Et), A7n-butyl (Ph2N-Bu^), A^n-hexyl 
(Ph2N“Hexii), N-isopropyl (Ph2N-Pri), iV-(2-bromoethyl) (Ph2N- 
Œ 2Œ 2Br), 2-hydroxyethyl ( Ph2N-CH2Œ 2 0 H) diphenylamines, 
A%N’,7f-tetrapheny lethane-1,2-diam ine (Ph2N-CH2Œ 2-NPh2) and 
a  m ix ture of 2- and  4-methyl-N^methyldiphenylamme (2- and 4- 
Me-C6H4N(Ph)Me).
5.7 FVP of iV-methyldiphenylaniine. results and  discussion
The m ajor products isolated from  the FVP of Ph2N-Me were 
2- and  4-m ethyldiphenylam ines, dipheny lam ine and 
tetrapheny lhydrazine. O ther products detected in  smaller am ounts 
were Ph2N-Et, 2- and  4-methyl-iV-methyldiphenylamines, 
bis(dipheny lam ino)m ethane and  carbazole. The table below shows 
the m ajor products and their proportions.
Temp °C %Ph2iV-Me*
700 73
750 32
800 2
* Unreacted Ph2N-Me
For the decomposition of Ph2N-Me, log (A/s“l)=13.8 and Ea= 
53.3kcalm ol-i.
Ph2N-Me would be expected to decompose by homolytic 
cleavage of the N-C bond to give a  m e thy l and an am inyl radical. A 
similar reac tion is known to occur in the therm al decomposition of
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%Ar-Me %DPA Other
7 8 12
11 26 31
10 34 54
N-methylated anilines 64, this reaction the products are again 
the m ethyl and aminyl radicals.
R = H, Me
Schem e 5.13 
Decomposition of N-methylated anilines
The pre-exponential factor and  activation energy have been 
determ ined for scheme 5.13, when R=H, log(A/s“l)=13.4 and 
Ea~60kcal64, and when R=Me, log(A/s“^)=12.9 and Ea=57kcal64. For 
the decomposition of Ph2N-Me a lower energy of activation and  a 
higher overall ra te  of decom position would be expected due to the 
ex tra stabilisation of the am inyl radical by the second aromatic 
ring. The experim ental result was in  accord with this (see above). 
Aryl m é thy la tion
A substan tial proportion of the FVP produc t con tained 
m e thy l groups in  the 2- o r 4- position. Theoretically these 
derivatives can be produced  by th ree differen t mechanisms.
The first m echanism  involves the addition of a  methyl 
radical to an aromatic ring of dipheny lam ine (or the starting 
m aterial). The resulting radical is stabilised by delocalisation of 
the unpaired electron in  the aromatic rings. The loss of the 
te rtiary hydrogen, e ither by  abstrac tion o r elim ination gives the 
ary l m e thy l deriva tive 's.
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Ar—N—R
4- Me* — —► r/ .. — ...
Ar—N -R
[%
Ar—N—R
Schem e 5 .14  
Possible m echanism  for the formation of 
ary l m e thy l derivatives
The addition of a m ethy l radical to the starting material 
should give 2- and  4- methyl-AAmethyl dipheny lam ine, especially 
a t tem peratures where the am oun t o f decomposition was low. 
However these produc ts were only found in  m inu te quan tities 
indicating tha t a ttack on the starting m aterial was unim portan t. 
Also some 3-m ethy l p roduc t would be expected whereas none was 
found. The presence of a  m ethy l group on the nitrogen should no t 
significantly affect the  reac tivity of the aromatic rings towards the 
m ethy l radical, therefore this m echanism  canno t be im portan t.
This can be explained by looking a t the therm odynam ics of a 
simple m odel system based on scheme 5.14. For the model, the 
addition of a  m ethy l radical to benzene was examined. The energy 
released by the addition of a  hyd rogen atom  to benzene has been 
calculated to be 28 kcal mol-i 86, The average C-C bond is abou t 16 
kcal mol-i weaker th an  the average C-H bond, hence the energy 
released by the addition of a  m e thy l radical to benzene was 
estim a ted to be 12 kcal m ol-i. The change in en tropy associated 
w ith this process was es tim a ted  to be -34.3 cal mol~l deg-i. AG for 
the  addition would be positive above abou t SO^C, i.e. the 
decom position of the radical in term edia te would be favoured over 
its form ation. The equilibrium  cons tan t K is rela ted to AG by the 
form ula AG=-RTlnK. At TOO^C the ra te  constan t for the
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decomposition was estim ated to be 7.5*10*1 times the rate constan t 
for the formation of the interm ediate radical. The addition 
reac tion is fu rthe r disfavoured by the low pressures associated 
w ith FVP. This is because the com bination reaction is a 
bimolecular process and  so is dependan t upon the concentration of 
bo th  the m ethyl radical and  the diarylamine, whereas the 
decomposition is a  unimolecular process. Both factors therefore 
m ake scheme 5.14 highly unfavourable.
Although scheme 5.14 is highly implausible, m ethyl radicals 
can add onto the aromatic rings of the diphenylaminyl radical. 
Resonance stabilisation of the aminyl radical leaves the ortho and  
para  positions prone to attack. The imine derivatives thus derived 
can undergo an in tram olecular hydrogen shift to give the 
m ethy la ted diaiy lam ine. A similar m echanism  is known to operate 
w hen a m e thy l radical reacts with a phenoxy l r a d i c a l 8 6 .
Thermodynam ically this process is favourable. The energy 
released by the addition of the m ethy l radical to the aromatic 
system of the dipheny lam iny l radical is approxim ately 37kcal (See 
end of chap ter for assumptions and derivation). The change in  
en tropy associated with the addition of a  m ethy l radical to the 
arom atic ring was assum ed to be the same as the addition of a  
m ethy l radical to a  pheny l radical. The equilibrium  constan t for 
the addition reac tion a t lOOOK is approxim ately 4, i.e the ra te  
constan t for the com bination reac tion is 4 times m ore rapid  than  
the decom position. However a t the low pressures associated with 
FVP the decom position would be greatly favoured. However the 
rearrangem en t is also favourable due to the release of a  large 
am oun t of energy when the arom atic system  is regenera ted. This 
is fu rth e r  enhanced by the ease with which the transition states
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for these processes are a ttained and tha t the change in en tropy 
associated with these processes is minimal.
^ ^
\ :
M
.X
Me*
NAr NAr
H
Me H
// Me W
Schem e 5.15 
Reaction of m ethy l radicals with the 
dipheny lam iny l radical
As shown in  scheme 5.15, there are th ree possible products. 
These are Ph2N-Me, 2- and  4- m e thy ldipheny lam ine. The 
therm odynam ically m ore favourable produc ts are the  2- and  4- 
m ethy ldipheny lam ines. Estimates of the equilibrium  cons tan t 
ranged  from  41 to 1400 in  favour of the ary l-m ethy l deriva tive a t 
lOOOK. The addition of m ethy l radicals to the dipheny lam iny l
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radical should be similar in character to the addition of methyl 
radicals to the phenoxyl radical. In this reaction only 8% of the 
m ethoxy derivative is form ed, the  2- and 4-methyl derivatives 
make up the o ther 92% 86  ^ showing tha t for this reaction the 
therm odynam ic considerations were the more im portan t. It would 
be expected tha t the addition of methyl radicals to the 
dipheny lam iny l radical will behave similarly.
Scheme 5.15 explains why two of the m ajor produc ts were 
the 2- and  4-methyl dipheny lam ines bu t it doesn’t  explain how 
the  2- and  4-methyl-N-methyl dipheny lam ines were form ed.
The th ird  possibility is tha t the methyl radical undergoes a 
term ination reaction with an ary l radical. The presence of 
carbazole in  the reaction products indicated tha t the 2 -aryl radical 
was being crea ted  during the thermolysis. If the ary l radical isn 't 
destroyed then  it can go on to a ttack the second aromatic ring. 
Loss o f the tertiary hyd rogen from  the interm edia te radical, either 
by elim ination o r abstraction, gives carb azo le^s.
S chem e 5 .16  
The form a tion of m e thy l derivatives 
and  carbazole
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Generation of the ary l radical is by abstraction of one of the 
ary l hydrogens. Possible abstracting agents are the m ethy l radical 
or the hyd rogen atom. The abstraction by the m ethy l radical is 
endo therm ie to the extent of 5.9 kcai m op l, the change in  en tropy 
was estim a ted to be -2.9 cal deg-i mol~l. At lOOOK the equilibrium  
constan t for the abstraction of hydrogen from the aromatic ring by 
a  m ethy l radical is 0 .2 2  i.e. the abstraction of hydrogen from 
m e thane by an  ary l radical is abou t 4.5 times more rap id  than  the 
abstraction of hydrogen from  benzene.
The same calculations carried ou t for the hydrogen atom 
give AH= +6 .6  kcal mob I. AS for this process however was found to 
be -8 .6  cal deg-l m opl. The equilibrium  constant is 2.7 a t lOOOK,
i.e. the abstraction of hydrogen, by a hydrogen atom, from  the 
arom atic ring is abou t 3 times quicker than  abstraction of 
hydrogen from  a hydrogen molecule by an aryl radical. (See end 
of chap ter for assumptions and  calculations.) Therefore the more 
active abstracting agen t in  the pyrolysis system is likely to be the 
hydrogen atom.
At lower tem peratures, w hen the am oun t of decom position 
of the starting m aterial was low, scheme 5.16 should produce a 
large proportion of dim e thy la ted produc ts since statistically there 
was a  good chance of attack on the starting m aterial. However the 
reac tion depic ted in  scheme 5.15 would only give monom ethyl 
derivatives. In the produc t m ix ture a t  700 and 750oC alm ost all of 
the ary l m e thy la ted produc t had  no aminyl m e thy l group 
indicating th a t m ethy l radical attack on the aminyl radical was the 
m ost im portan t of the ary l m ethy lating reactions.
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Formation of diphenylamine
Experimentally it was found tha t dipheny lam ine was the 
m ajor product in  the thermolysis of the Ph2N-Et. The Ph2N-Me can 
be converted to Ph2N-Et by the abstraction of one of the m ethy l 
hydrogens from  the stai'ting m aterial to give a 
diphenylarninomethyl radical. This can combine with a second 
m e thy l radical to give the Ph2N-Et derivative, which on 
thermolysis gives diphenylam ine. (See FVP of N- 
ethy ldipheny lainine derivative, results and  discussion)
Af2N Me ArgN + Me
AtgN— Me + Me" — ► Ar2N—CHg + MeH
ArgN-CHg + Me* — Ar2N-CH2-CH 3 
ArgN—CH2-C H 3 — Af2NH + H2C=CH2
Schem e 5 .17 
Possible form ation of the Ph2N-Et
The diphenylarninomethyl radical can also combine w ith an 
aminyl radical to generate the bis(diphenylarnino)methane.
Af2N—CH2  + *NAr2 ——  ^ Ar2N—CH2 —NAr2
Schem e 5 .18 
Formation of 
bis( dipheny lam ino)m ethane
Diphenylamine can also be form ed by the com bination of a 
hydrogen atom  with the aminyl radical. The hydrogen atoms can 
be genera ted by the com bination of two m ethy l radicals to give
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ethane, hydrogen abstraction from  the ethane gives an ethyl 
radical which can decompose to form ethy lene and a hydrogen 
atom.
2 Me ——► H3C—CH3
H3C -C H 3 + Me* H3C-CH2 H2C=CH2 + H*
ArgN* + H* ------► ArgNH
Schem e 5.19 
Formation of hydrogen atoms
The tetrapheny lhydrazine was form ed by the com bination of 
two aminyl radicals.
2 Af2N* ------ ► ArgN—NAr2
Schem e 5 .20  
Formation of tetrapheny lhydrazine
The m ajor drawbacks with schemes 5.17 and 5.19 is tha t 
they  require a  num ber of in term edia te steps. U nder FVP 
conditions reactive interactions are norm ally rare. Another 
possibility is th a t the am inyl radicals are able to abstrac t 
hyd rogen from  the walls of the pyrolysis tubes.
5.8 FVP of AAethyl dipheny lam ine. results and  discussion
The m ajor produc ts form ed in  the pyrolysis of Ph2N-Et were 
DPA, 2- and  4-m ethy ldipheny lam ines, Ph2N-Me and  
tetrapheny lhydrazine. O ther products detected and iden tified in  
sm aller am oun ts were bis(dipheny lam ino)m ethane, carbazole and 
2- an d  4-ethy ldipheny lam ines. The table below shows the m ajor 
products and their proportions.
141
Temp oC %Ph2NEt* %Ph2NMe %Ar-Me %DPA Other
650OC 1 0 0 0 0 0 0
700OC 6 6 3 2.7 29 0
750OC 2 0 7 5.7 6 6 4
800OC 0 3 8.7 79 11
' Unreacted starting material
For the decomposition of Ph2N-Et the Log (A/s"l)==13.4 and Ea= 
49.4kcal mol“l.
Formation of diphenylam ine
The m ajor produc t found in  the decomposition of Ph2N-Et 
deriva tive was Ph2N-H. This can be form ed by an in tram olecular 
p-hydrogen elirnination or by a free radical mechanism.
At lOOOK the therm odynam ically m ost favoured process is 
the p-hydrogen elimination. The products of this are ethy lene and 
dipheny lam ine. Although the energy released in this process is 
small, the m ain driving force would be the increase in  en tropy 
associated w ith the form ation of two molecules from  the original 
starting m aterial. AG was estim a ted to be -29.5 kcal m opi a t 
lOOOK (see end o f chap ter for calculations).
?H-rÇ-H /H
RA r- -H
Schem e 5.21 
Formation of DPA by p-hydrogen elimination
The free radical processes would be initiated by cleavage of 
the N-C bond to give the am inyl and ethy l radicals. 
Therm odynam ically this process is unfavourable com pared to the
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p-hydrogen elimination. At lOOOK AG was estimated to be +13 kcal 
m ol'l. For the decomposition, K= 1 .4 *1 0 “^ , i.e. the rate constan t for 
the recom bination is 700 times larger than  the rate constan t for 
the decomposition. The recom bination is a  bimolecular process, so 
a t the pressures associated with FVP, i.e. 0.1-0.001 Torr, the ra te 
of decomposition was calculated to be 1800 to 1 .8*1 0  ^ times m ore 
rap id  than the recombination. (For assumptions and calculations 
see the end of this chapter.)
It would be expected th a t if the N-Et derivative was 
decomposing by cleavage of the N-C bond then the activation 
energy for its decomposition should be close to tha t found for the 
N-Me derivative. Experimentally the re  was only a few kcal m ol'l 
difference between the two activation energies. The presence of 
tetrapheny lhydrazine in the reac tion products indicated tha t 
cleavage of the N-C bond was occuring during the pyrolysis.
The final produc ts derived firom the thermolysis would 
depend upon the behaviour of the radicals. Thermodynamically 
the m ost favourable process during pyrolysis is the
disproportionation between two ethy l radicals. Disproportionation 
between the ethy l and  am inyl radicals is also highly favourable, 
bu t the ethy l radical is also able to abs trac t the aminyl hydrogen 
from  any dipheny lam ine which m ay form. If the free radical 
reactions were lim ited to disproportionation and hydrogen 
abstraction then  the m ajor produc t would be
tetrapheny lhyd razine. In cooler regions of the appara tus the m ost 
favourable process is the term ina tion reac tion between two ethy l 
radicals. The fact tha t dipheny lam ine was the m ajor produc t 
indicates tha t bo th  ethy l radical disproportionation and  the
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abstrac tion of the aminyl hydrogen were comparatively 
unim portant.
I /  1 /  \  /ArgN" H -Ç -C - ----- ► Ar,N— H --C ^C  ---- ► Ar,NH + ,C=C.I \  T \  /  \
Schem e 5.22 
Formation of DPA by 
radical disproportionation
hi the ho t zone the ethy l radical can also decompose to give 
a hydrogen atom  and ethylene. Diphenylamine can then  be form ed 
by the com bination of a  hydrogen atom with the aminyl radical.
H - C - ^ C   C = C ( + H'
H H H H
Schem e 5.23
Decomposition of the ethyl radical
To determ ine w hat type of reactions were occuring the kinetics of 
ethy l radical reac tions were estim ated. At lOOOK the ra te  of 
decomposition of the ethyl radical = [Er]*2.9*10^ 87^  the 
decom position is reversible, the ra te  of its form ation = 
[HI[C2H4]*2 .7*1010  87, Decreasing the pressure of the system 
decreases the probability  of the hydrogen atom  combining with 
the ethy lene, which in  tu rn  favours the decomposition.
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G raph  5.1 
Variation of [H]/[Et] with pressure 
for a  m odel system
At the pressures associated with flash vacuum  pyrolysis, i.e
0.1-0.001 Torr the ratio of hydrogen to ethyl radicals ranges from 
approxim ately 10 to 1 to 1000 to 1 in favour of hydrogen. At the 
higher pressures dipheny lam ine can be genera ted by the 
com bination of a  hydrogen atom  with the aminyl radical, or by a 
disproportionation reaction between an ethyl and  an  aminyl 
radical. On statistical grounds the disproportionation between two 
ethy l radicals is unfavourable. As the pressure is decreased so the 
addition of the hydrogen atom  to the aminyl radical becomes more 
im portan t due to the increasing scarcity of the ethy l radical.
Once the dipheny lam ine is form ed then the aininyl hydrogen 
can be abstracted by hyd rogen atoms. For dipheny lam ine to be 
the m ajor produc t this reaction could no t have been im portan t. 
Diphenylamine can be form ed by a  head to head term ination 
reac tion between the am inyl radical nitrogen and  the hydrogen 
atom. But once the  dipheny lam ine has been form ed then
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statistically it is ju st as probable tha t a hydrogen atom  will come 
along a similar pa th  and  rem ove the aminyl hydrogen. However if 
a  scheme like 5.15 was im portan t, with the m ethy l radical being 
replaced by a hydrogen atom , then the interaction of the hydrogen 
atom  with almost any p a r t  of the diphenylam inyl radical wül form  
diphenylam ine, whereas abstraction of the aminyl hydrogen 
would still involve the in terac tion of the aminyl hydrogen with a 
hyd rogen atom, which is only a small part of the molecule. 
Statistically the addition reac tion would then  be m ore favourable. 
Form ation of the m ethy l derivatives
Problems are still encoun tered when radical reactions are 
used  to describe the form a tion of the m ethy l derivatives. The 
ethy l radical canno t decom pose to give a m ethy l radical as this 
also requires the form a tion o f m ethylene, bu t an ethy l radical can 
combine with ethy lene to give a bu ty l radical. On decomposition 
this can either give the starting com pounds o r decompose to give a 
hyd rogen atom  and  bu tene. But-l-ene is able to decompose to 
give a  m ethy l radical and  a  resonance stabilised aUyl radical.
CH2 = C H —CH2 — CH3  ------CH2 =-=CH— CHg + Me
S chem e 5 .24  
Decomposition of bu t-l-ene
Reported ra te  constan ts for this decom position range from  8.25 s~l 
88 to 0.112 s"l 89 a t 1023K, i.e for a  con tact time of abou t 2ms the 
am oun t of decom position of a  sample of bu t- l-ene  wiU range from  
1 .6 % to 0 .0 2 % depending upon  which ra te constan t is used. 
M ethy lated derivatives m ade up  19% of the therm olysis products 
a t 1023K.
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A possible alternative is tha t a hydrogen atom  is adding to 
the butene to give the secondary radical which on decomposition 
gives bo th methyl radicals and  hydrogen. Once 2-butene or 
propy lene have form ed then fu rthe r in teractions w ith hydrogen 
atoms lead to the generation of methyl radicals.
Et* + C2H4 ^  Et— CHg— CHg E t-C H ^ C H g  + H*
E t*~€H =C H 2 + H* ^  CHg— CH2— C H — CHg\
CHg—CH=CH-CHg + H* CHg—CH=CH2 + Me*
CHo— C H = C H o  + H* CHo— *C H -C H .
CHg— CHg— 'CHg C H g^C H g + Me*
Schem e 5.25 
The form ation of m ethy l radicals
Looking a t the kinetics of a  simple m odel system, the  ra te of 
form ation of bu tene = [n-Bu*] *1*106 87^  the ra te  of form a tion of the 
n-buty l radical = [Et*][C2H4]*1.56*lQ6 87, and  the ra te  of the 
reverse reaction = [Bu*]*2,12*107 87, The following graph shows 
the approxim ate proportion of bu tene form ed a t the end  of the 
pyrolysis assuming th a t the  con tac t time is approxim ately 2ms for 
a system derived from  the decom position of the ethy l radical, i.e. 
HI = [C2H4] and term ination reactions are unim portan t.
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G raph 5.2 
Proportion of bu tene formed 
in  a  m odel system
The g raph shows tha t a t the pressures associated with flash 
vacuum  pyrolysis, i.e. 0.1 to 0.001 Torr the proportion of bu tene 
ranges from  one molecule in 2 .5 *1 0  ^to 2.8*10^. Even a t one Torr 
this ratio is 1 in  4900. The am oun t of bu tene is low, therefore it 
canno t ac t as a  useful in term ediate in  the generation of m ethy l 
radicals.(See end of chap ter for fu rthe r details of the  model 
system.)
In the real pyrolysis radicals would be lost from  the system 
by term ination reactions, which fu rthe r decreases the likelihood of 
bu tene form ation. If this m echanism  was im portan t then  it  would 
be expected th a t Ph^N-Bu^i would readily form  m e thy l radicals on 
FVP and  therefore a  higher proportion of m e thy la ted derivatives. 
Experimentally however it was found th a t a  lower proportion of 
m e thy l derivatives were ob tained th an  from  Ph2N-Et.
The alterna tive is th a t the m ethy l radicals were being 
genera ted  direc tly from  the starting m a terial o r a  derivative
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ob tained by the interac tion of radicals with the starting material. 
Cleavage of the C-C bond would be feasible as a  source of methyl 
radicals if the resulting diphenylarninomethyl radical was highly 
stabilised.
PhgNCHgCHg ► PhgNCHg + 'CH3
Schem e 5 .26 
The decomposition of N-ethyldiphenylamine 
by C-C cleavage
The am otm t of Ts^methylation should increase if the second 
fragm en t was stabilised rela tive to the m ethy l radical. It would be 
expected tha t bo th  the  Ph2N-Bu^i and Ph2N-CH2GH2 0 H derivative 
should bo th  generate a  higher proportion of Ph2N-Me, since bo th 
the n-propy l and hydroxym ethy l radicals are stabilised relative to 
the m ethy l radical^O , however this argum en t would only be valid 
if these amines decom posed by the same rou te. Experimentally it 
was found th a t Ph2N-Bun form ed a  lower proportion of 
m e thy la ted products and  Ph2N-CH2CH2 0 H formed only m inute 
am oun ts. (See FVP of N^n-butyl dipheny lam ine and  JV-(2- 
hydroxyethyl) dipheny lam ine, results and  discussion.)
A no ther possibility was th a t an  a-hyd rogen was being 
abs trac ted  from  the starting m a terial to give an  alkyl radical 
which is able to delocahse its radical cen tre on to the nitrogen. Loss 
of the m ethy l radical gives a  n itrogen yhd, which can reac t with 
hyd rogen to give the iV-methyl derivatives.
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ïAraN-C-CHg + *R — ArjN—C- CH3 + HR 
H A
+ • / HArgN-Ç-CHs ArgN— Ar gN=: C- H + Me
fy Me
Schem e 5.27 
Possible m echanism  for the 
form ation of m ethy l radicals
The Ph2N“Me derivative can also be formed by term ination 
reactions between the am iny l and  methyl radicals. Schemes like 
5.26 and 5.27 should produce a  high ratio of N  to aiy l 
m éthy lation when com pared to the combination of a  m ethy l with 
the diphenylartiinyi radical (scheme 5.15). The best example of the 
la tte r mechanism involves the decomposition of the Ph2N-Pri 
derivative. Cleavage of the N-C bond readily occurs generating the 
aminyl and isopropyl radical. The isopropyl radical can, through 
various processes, give m e thy l radicals, (see FVP of N- 
isopropyldiphenylamine, results and discussion) Once formed the 
m ethy l radicals can combine with the aminyl radicals to form  the 
m ethy la ted  derivatives. For Ph2N-Prl the proportion of the N-Me 
produc t was the  lowest for any of the alkylated am ines bu t the 
am oun t of aiy l m é thy la tion was, a t 650 and  7GQoC, the highest, 
(see FVP of NTsopropyldiphenylamine results and discussion) 
Ary lethy l derivatives
The ary l ethy l derivatives can be form ed by th ree  possible 
mechanisms. The radical term ina tion reaction between an aryl and 
e thy l radical, the addition of an  ary l radical to ethylene, the 
resulting radical would then  have to combine with a hydrogen
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atom  to form the aryl-ethyl derivative and  the addition of an  
ethyl radical with the aromatic ring of the diphenylam inyl radical 
(see scheme 5.15). The aryl-ethyl derivatives once form ed can 
decompose to give a methyl and a benzyl radical, if this was 
form ed in  appreciable amounts then it would be expected to 
decompose a t a ra te  similar to ethy l benzene. Ethyl benzene 
decomposes a t a ra te  of abou t 0.4 s"i a t lOOOK 91, This gives it a 
half hfe of abou t 2  seconds which is approxim ately 1 0 0 0  times 
longer than  the con tact time, hence the ary l ethy l derivative will 
no t act as a useful source of m ethyl radicals.
HNAr HNAr
HgC^CHg
HNAr
pHg— CHg
H'
,CHg— CHg
HNAr
+ Et
Schem e 5.28 
Form ation of the ary l e thy l derivatives
It can be concluded tha t although the form a tion of 
dipheny lam ine can be explained by p-hydrogen elimination, o ther 
produc ts detected in  the reaction m ix ture can only be explained if 
free radicals were being formed. It is possible tha t bo th  of these 
processes are occuring during the thermolysis, w ith the free 
radical rou te becoming m ore im portan t a t higher tem peratures.
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5.9 FVP of iV-isopropyldlphenylainine. results and  discussion
The products form ed from  the pyrolysis of Ph2N-Pri were 
essentially the same as those form ed from  the decomposition of 
Ph2N-Et. New products identified in  small am oun ts were N- 
isopropyl-2-m ethyldiphenylam ine and iV-isopropyl-4- 
methyldiphenylanüne. The table below gives the m ajor products 
and  their proportions.
imp °C %Ph2NPri %Ph2NMe %Ar-Me %DPA Other
600 1 0 0  0 0 0 0
650 54 1 15 30 0
700 11 2.5 10 76 1
750 3.5 1 5.7 82 8
800 0  0 4 8 8 8
Ph2NPri was unreac ted  starting m aterial.
For the decomposition of Ph2N-Pri Log (A/s"l)=10.0, Ea=33 
kcal mol“l.
Experimentally it  was found th a t of all the unsubstitu ted N- 
alkyl diphenylam ines, Ph2N-Pri decom posed the  m ost readily. 
Possible reasons for this are th a t the  molecule in  having six p- 
hydrogens, (Ph2N-Me has zero, Ph2N-Et has three, and  all the 
o thers have two) would undergo p-hydrogen elim ination more 
readily on statistical grounds th an  the o the r derivatives. A second 
possibility is tha t the isopropy l radical is stabilised by the 
presence of two m ethy l groups, hence Ph2N-Prl would be expected 
to undergo radical reac tions m ore readily because cleavage of the 
N-C bond is also m ore favourable.
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For the isopropyl radical to directly generate m ethy l radicals 
it also has to form  a carbene in term ediate, which can rearrange to 
give ethy lene.
H, Y. \  ..H -C -C r  ^  H -C -C ( + "CHgH 0 \  ) H H
H ^C-C^ - Û - ,  ")C=C("
H H H H
Schem e 5.29 
Direct form ation of m ethyl radicals 
from the isopropy l radical
The alternative is tha t the isopropy l radical decomposes to give 
propene and  a  hydrogen atom. The hydrogen atom  can add  on to 
bo th  ends of the unsa tu ra ted  carbon-carbon bond forming bo th 
the n- and  isopropyl radical. The n-propyl radical readily 
decomposes to give ethy lene and  a  m ethy l radical.
CH3 — ‘C H -C H a CH3 — C H = C H 2  + H*
CHg—CHg— 'CHg CHg^CHg + Me
Schem e 5 .30  
Formation of m ethy l radicals 
via p ropene
If the isopropy l radical was decomposing by the m echanism  
depic ted in  scheme 5.29, the am oun t of decomposition will only be 
dependan t upon tem perature, therefore the proportion of 
m e thy la ted  produc t wül only depend  upon the tem pera tu re of the
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pyrolysis. If schem e 5.30 was the m ore im p o r tan t process th en  
the  am o u n t of m e th y la ted  p ro d u c t w ould d ep en d  u p o n  th e  
form a tion of the n-propy l radical. This is form ed by a bim olecular 
process, therefore the am oun t of m e thy la ted produc t will depend  
u p o n  b o th  pressu re  an d  tem p era tu re . U nfortuna tly  the  exac t 
m echanism  was never seriously investiga ted, b u t it should  be 
possible to de term ine the  m echanism  by varying the  pyrolysis 
conditions a t a  con tan t tem perature.
At 923K, the experim en tal ra tio  of m e thy la ted  p ro d u c t to 
d ipheny lam ine was 2 to 1 in  favour of d ipheny lam ine, and  a t 
1023K th e  ex p erim en ta l ra tio  o f m e th y la ted  p ro d u c ts  to 
dipheny lam ine was 14 to 1 in favour of dipheny lam ine.
5.10 FVP of iV-n-butvldiphenvlamine. results and  discussion
The produc ts form ed from  the pyrolysis of Ph2N-Buii w ere 
essen tially the same as those form ed from  the decom position of 
the  Ph2N-Et. The table below gives the m ajor produc ts and  the ir 
proportions.
Temp oC %Ph2Bun %Ph2NMe %Ar-Me %DPA O ther
650 90 0 0 10 0
700 64 2.2 2.2 34 0
750 4.7 5,5 3.6 77 9
Ph2N-Bu^ is unconverted starting m aterial
For the decomposition of Ph2N-Bun dipheny lam ine log (A/s~ 
1)=16.4, Ea=63.9kcal m opl.
At 973K the n-buty l radical is able to decom pose via two 
d ifferen t pathways, neithe r of which genera tes m ethy l radicals. 
One reac tion produces a hyd rogen atom  and  bu tene while the
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second produces an ethyl radical and  ethylene; the ethy l radical 
can then  go on  to generate a hydrogen atom and  ethylene. The 
favoured rou te is for the form ation of the ethyl radical, which is 
form ed a t approximately 23 times the rate of form a tion of the
hydrogenS7.
For the m ethy l derivatives to form, the m ethy l radicals have 
to first be generated. One possibility is the decom position of the 
secondary buty l radical which could be generated by addition of 
hyd rogen to bu t-l-ene. (See FVP of iV^ethyldiphenylamine results 
and discussion). The m ethy l radical could also be ob tained from 
the decomposition of an  alkyl radical derived by  abstrac tion of 
hydrogen from  the alkyl chain of the starting m aterial. Breakup of 
the resulting alkyl radical inevitably leads to the form a tion of 
methy l, am inyl and methylam inyl radicals.
Experimentally the ra tio of dipheny lam ine to m e thy la ted 
produc ts was abou t 8 to 1 a t 973K, which was the  highest in 
favour of DPA for any of the alky lated amines.
5.11 FVP of jV-n-hexyldiphenylamine. results and  discussion.
The products form ed from  the pyrolysis of the  Ph2N-HexJ^ 
derivatives were essentially the  same as those form ed from  the 
decomposition of Ph2N -E t, excep t th a t Ph2N-Prii an d  hexene were 
also iden tified. The table below gives the m ajor produc ts and  their 
proportions.
Ph2N-
Temp oQ Hexn * %Ph2NMe %Ar-Me %DPA O ther 
600 1 0 0  0  0  0  0
650 92 0 0 8 0
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700 33.4 11 .6 9 42 3
750 17.4 17.7 1 2 .6 43 9
800 9.9 16 13 45 16
* S tarting m aterial
For the decomposition of Ph^N-Hexii log (A/s-l)=11.6, 
Ea=42.9 kcal mol"l
The n-hexyl radical is able to undergo an in tram olecular 1,5 
hydrogen shift via a six m em bered cyclic transition state, to give a 
secondary radical92.
ÇH3 
XH
XH
CHg— CHg— CHg— CHg— CHg— CH3 — — ► |
PI
.CHg 
A CHg
 CH3— CHg— CHg— CHg— CH — C H 3
Schem e 5 .31 
Formation of the secondary hex-2-yl radical 
by an in tram olecular 1,5 hydrogen shift
This can decompose by a num ber of pathways eventually giving 
bo th  methyl radicals and  hyd rogen atoms. The experim ental ratio 
of m e thy la ted produc t to dipheny lam ine a t 973K was 2 to 1 in 
favour of diphenylam ine.
O ther radical reactions would also be initiated by hydrogen 
abstrac tion from  the alkyl chain of th e  starting m aterial. The alkyl 
radicals genera ted could also decom pose via a  num ber of differen t 
mechanism s giving produc ts which have previously been 
described.
156
5.12 FVP of iVJVJV'.iV^.-tetraphenyldiaininoethaiie. results and 
discussion
The only produc t identified in the pyrolysis of this 
com pound was tetrapheny lhydrazine. The table below gives the 
m ajor product and its proportions relative to m inor components.
%
Temp oC Ph2NC2H4NPh2 %Ph2N-NPh2 Other
600 1 0 0 0 0
650 67 33 0
700 0 99 1
750 0 98 2
There was no t enough inform ation for an  Arrhenius plo t bu t 
the ra te  of decomposition was calculated to be 193s-1 a t 650°G
The tetrapheny lhyd razine was probably form ed by the 
initial cleavage of one of the N-C bonds to give an aminyl and an 
am inoethy l radical. The am inoethy l radical elirninates ethy lene to 
give a  second aminyl radical. The aminyl radicals pair up  to give 
tetrapheny lhydrazine^^.
ArgN-CHg-CHg-NArg ------- ► AtgN' + 'CHg-CHg-NArg
 ► ArgN' + CHg=CHg + ’NArg ------- ► ArgN—NArg
S chem e 5.32 
Decomposition of 
tetrapheny ldiam inoethane
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5.13 FVP of iV(2-hy(froxvethyl)diphenylamine. results and 
discussion
The major products were tetrapheny lhydrazine, 
diphenylam ine and carbazole. Minor am oun ts of Ph2N-Me, 2- and  
4-m ethyldiphenylam ine and bis(dipheny lam ino)m ethane were 
also identified. The table below shows the major products and 
their proportions.
Temp °C
%Ph2N-
Œ 2Œ 2OH* Ph2N-NPh2 DPA O ther
650 1 0 0 0 0
700 73 2 2 2 3
750 46 43 6 5
800 24 52 1 0 14
*Unreacted starting material
For the decomposition of Ph2N-CH2CH2 0 H log (A/s‘ l)=9.6, 
Ea=32.4kcal mol"l.
The low proportion of dipheny lam ine seems to indicate tha t 
p-hydrogen elimination was of little im portance. During pyrolysis 
alcohols have been known to decompose by cleavage of the carbon 
chain between the a -  and p-carbon atoms to genera te free 
rad icals93 . However if cleavage of the carbon chain was occuring in 
the starting m aterial then  one of the  produc ts would be the 
dipheny larninom ethy l radical. Products readily derived from  this 
are bis(dipheny lam ino)m ethane and  Ph2N-Me. Since these were 
only detected in  small am ounts, cleavage of the carbon chain was 
considered to be of little importance.
The low energy of activation could indicate th a t the starting 
m a terial was decomposing via ano the r mechanism, possibly a  p-
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hydrogen elimination, with a water molecule being elim inated 
ra th e r than diphenylamine^^.
NAr2
1 ^ HgO + ;c = ( ^
HO-J—C—H H NAfg
H
Schem e 5.33 
Elimination of w ater by 
p-hydrogen elimination
The o ther produc t would be N-vinyldiphenylamine. In general 
groups attached to an alkene fimctional group are m ore strongly 
he ld  than  groups attached to alkanes. If this general ru le  apphes 
to the iV-vinyldiphenylamine then  N-C cleavage will be 
disfavoured in comparison to when the aminyl group is a ttached 
to an  alkyl chain. Hence some would be expected to survive the 
thermolysis. Since this was no t detected, elim ination of w a ter was 
considered to be unim portan t.
The decomposition of the Ph2N-CH2Œ 2 0 H was probably 
initia ted  by the cleavage of the N-C bond to give a  p-hydroxyethy l 
and  an aminyl radical. Once form ed the p-hydroxyethy l radical 
can undergo disproportionation reactions either with itself to give 
e thanol and ethanal o r with the aminyl radical to form  
dipheny lam ine and ethanal. It can also decompose, eliminating 
either a  hydrogen atom  or a hydroxyl radical. D iphenylamine can 
then  be form ed by the addition of the hydrogen a tom  to the 
am inyl radical.
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H ^OH \  /H
,C -C ;-H  -------- ► ^C=C^ + 'OH
H H .  H H
Hx /OH^G=C, + H'
H H
W "  ^H H H H
Schem e 5 .34  
Possible rou tes for the decomposition 
of the hydroxyethy l radical
The C-H and C-O bonds are approximately 6  kcal moT l 
w eaker in  the p-hydroxyethyl radical than  the C-H bonds of the 
ethy l radical, therefore it would be expected th a t the  p- 
hydroxyethy l radical would decompose more rapidly than  the 
ethy l radical. (See end of chapter.) The decomposition can follow 
two pathways, one produces the hydroxy l radical and  ethylene, 
while the second gives vinyl alcohol and a hydrogen atom. The 
viny l alcohol is the enol form of ethanal, to which it largely 
rearranges.
Therm odynam ically the pyrolytic elim ination of the 
hydroxy l radical is sUghtly favoured, bu t statistically the 
hyd rogen elim ination is m ore favourable, due to there being two 
hydrogens com pared to the one hydroxyl group. The hydroxyl 
radical is highly reactive and can abs trac t hydrogen from  almost 
any organic com pound to give w ater and  a  carbon cen tred radical. 
Hydroxyl radicals are known to be able to add on to arom atic rings 
to give a  phenol derivatives^, bu t any phenol derivatives which 
m ay have form ed were n o t positively identified.
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The hydrogen atoms can undergo termination reactions with 
the carbon cen tred radicals generated from the attack of the 
hydroxyl radical, combine directly with the hydroxyl radicals or 
combine with the aminyl radicals to form  dipheny lam ine which in 
tu rn  can donate its aminyl hydrogen to most radicals. Any excess 
hydrogen goes on to form  diphenylamine.
The formation of ethanal during the pyrolysis should lead to 
the form ation of m ethy l radicals. The C-H bond on the aldehyde 
function has been m easured a t 8 6  kcal moi-i 95. This is a  relatively 
weak bond and as a  resu lt hydrogen can be abstracted by  almost 
any radical presen t to form  the acyl radical. The elim ination of 
carbon monoxide then  gives a m ethy l radical. The low am oun t of 
aryhnethy la ted produc t indicated tha t this reac tion was 
unim portan t.
H  -R HR ^
H—C—  ► H—C—c" ---------► H yC + CO
H ■'O H H
Schem e 5.35 
Formation of m ethy l radicals
A no ther possibility is tha t the molecule m ay undergo p- 
hydroxy l ehrnination to generate the hydroxylaraine an d  ethylene.
?
H H
. "N 1   ^  AfpNOH + ^0 = 0 ^
a; ^ n ^ c - h  h '  " rAr"- \
AfgNOH --------► ArgNO* + ‘H
Schem e 5 .36  
p-Hydroxy elimination
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The N-O bond for hydroxylamine was calculated to be 79 kcal mol"
1. Using this value for the N-O bond the p-hydroxy elim ination was 
found to be exothermic to the extent of 3kcal moTU The change in 
en tropy was assumed to be around SOcal mol deg~i. At the 
tem pera tu res of thermolysis this process is very favourable. If the 
N-O bond is approximately 70 to 80 kcal mol~i for 
diphenylhydroxylamine then  it would be expected th a t the  N-O 
bond would survive the pyrolyses. However the nitroxide could 
reac t w ith alkyl radicals, this gives dipheny lam ine and  a  ketone 
(scheme 1.33). Diphenylnitroxides also self react, the mechanism  is 
though t to involve the para coupling of the nitroxide oxygen wdth 
an  aromatic ring of the second diphenylnitroxide. This 
interm edia te decomposes to give dipheny lam ine and iV- pheny l-p- 
benzoquinoneimine-N- oxide.
2
o
Schem e 5 .37  
The reac tion between two 
dipheny lnitroxides
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The hydroxylamine, nitroxide and N- phenyl-p-
benzoquinoneimine-JV- oxide were never positively identified 
among the reaction products, indicating tha t (3-hydroxy 
elimination was no t an im portan t process.
5.14 FVP of jV-f2-bromoethvDdiphenylamine. results and 
discussion
The m ajor p roduc t indentified form  the pyrolysis of N-(2~ 
bromoethyl) dipheny lam ine was tetrapheny lhydrazm e. No o ther 
products could be identified.
Temp oC %Ph2N-CH2Œ 2Br %Ph2N-NPh2
550 100 0
600 32 6 8
650 11  89
For the decomposition of the Ph2N-CH2CH2Br derivative, log (A/s“ 
1)=8.3, Ea=22.1 kcal mol-l.
The absence of dipheny lam ine o r JV^vinyldiphenylaanine in 
the produc t m ix ture indica ted  th a t the brom o derivative was no t 
decomposing via p-hydrogen elim iuation, with either HBr or 
dipheny lam ine being elim inated.
The alternatives are tha t the N-C bond was undergoing 
cleavage to give the brom oethy l radical. This can decompose by 
two mechanisms, either a  C-H bond undergoes cleavage o r the C- 
Br bond. The average C-H bond energy is 99kcal moTi w hereas 
the average C-Br bond  is only 6 8 kcal mol-l 97 hence the 
elim ination of the brom ine atom  is strongly favoured over tha t of 
hydrogen. This conclusion is confirm ed when looking a t the ra te  a t 
which the p-brom oethy l radical decomposes. At 600^0 the
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brom oe thy l radical decom poses a t a ra te  of 1 .4 *1 0 io s~l 87 to give 
e thy lene an d  a brom ine atom . Assuming th a t the e lim ina tion of 
hyd rogen  occurs a t  a sim ilar ra te  to the o the r alkyl radicals then  
the elim ina tion of brom ine is approxim ately 2 *1 0  ^ tim es quicker.
The ra te  cons tan t a t  which a  brom ine a tom  com bines w ith 
ethy lene is 5.9*1011 mol dm -8 s“l  87 which is only 42 tim es the 
ra te  co n s tan t for the  decom position. The recom bina tion  o f a 
b ro m in e  a tom  w ith  e thy lene  is b im olecular, hence the  low 
p ressu re  in the ap p ara tu s strongly favours the decom position, 
which in  tu rn  leads to a very low concen tra tion of the b rom oe thy l 
radicals. At the pressures associated with FVP (0.1 to 0.001 Torr) 
th e  ra tio  of b ro m in e  a tom s to th e  b ro m o e th y l rad ica l is 
approxim ately 2 .6 *1 0 ^ to 2.6*10^ a t 600°C. The low concen tration 
of the brom oethy l radical also means tha t d isproportiona tion with 
the am iny l radical would no t be im portan t.
A possible alterna tive is th a t the molecule decom poses by a 
p rocess o f p-brom o elim ina tion. The iV -brom odipheny lam ine 
which is form ed can then  decom pose to give the am iny l radical 
and  a  brom ine atom.
R
Ar" H
ArgNBr  ArgN' + Br*
Scheme 5.38
p-Bromo elim ination
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At 60CPC AG was estim ated to be around -8 .6  kcal mol-l. For the 
p-hydrogen elimination AG was estim ated a t abou t -26 kcal mol-l 
a t the same tem pera tu re. At the same tem perature a concerted 
decomposition giving the aminyl radical, ethylene and a bromine 
atom  was found to have a  AG value of around -5 kcal m ol-l.
— CHg-CHg— Br -► Ar^N' + Br* + CHgZzCHg
Schem e 5.39 
Concerted decomposition of 
N-( 2 -brom oethy l)dipheny lam ine
A no ther problem  w ith a  p-bromo elimination is tha t the 
dipheny lam iny l and  the brom o groups are bo th  large, so the 
lowest energy configuration for this molecule would have these 
functional groups as far apart as possible. This also forces the p- 
hydrogens in to a  m ore favourable position for the p-hydrogen 
elimination.
All the m echanism s suggested above wül give the same 
products. The actual mechanism involved could no t be determ ined 
from  the  results of the FVP.
5.15 FVP of 2- an d  4-methyl-jV^methyldiphenvlamine. results 
and  discussion.
The m ajor p roduc ts  identified were, 4-methyl-carbazole, 2- 
o r 4 -Me-C6H4(Ph)N-N(Ph)-2 -or-4 -Me-C5H4  and  aciidine. Smaller 
am oun ts of 2 - o r 4 -Me-C6H4(Ph)N-CH2-N(Ph)-2 -or-4 -Me-C6H4  and 
a  wide range of produc ts which involved the addition of aminyl 
radicals to the 2-or 4-am inobenzyl radical were also implicated.
165
The table below shows the proportions of the m ajor p roduc ts  a t 
each therm olysis tem pera tu re.
Tem p OC %N“Me %Ar-Me % N-N Carbazole O ther
650 1 0 0 1 0 0 0 0
700 1 0 0 96 0 0
750 34 56 12 36 18
800 3 44 17 44 36
This experim en t was designed to find o u t if  the  m ethy l 
groups could be lost from  the arom atic rings. The results from  the 
therm olysis indica ted th a t the am iny l m e thy l group was firs t lost 
to leave a nitrogen cen tred  radical and  a m ethy l radical.
T he ac rid in e  can  be fo rm ed  from  a t tac k  o f th e  2- 
am inobenzy l radical upon the second arom atic ring, loss o f the N~ 
alky l group produces the d ihyd roacrid ine deriva tive. Loss of a 
hyd rogen  m olecule, e ithe r by e lim ina tion or abs trac tion  gives 
acridine.
RIN.
RiN
RH
•R* ■H,
Schem e 5.40
Formation of acridine
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The generation of the benzylic radical in the 4- position 
leads to the form ation of 4- substituted combination products.
Where R*' can be a  carbon 
or nitrogen centred radical
Schem e 5.41 
Formation of 2- or 4- substituted dim er produc ts
In general the m ethy l groups were no t elim inated from  the 
arom atic rings bu t used as the bridging group in the form ation of 
2- and  4- subs titu ted  dim er products.
5.16 Sum m ary of FVP results and  discussion
The table below gives the activation energy an d  the pre­
exponen tial fac tor for the decomposition of the alkylated amines.
R Log (A /s-l) Ea kcal mol-l Max Ph2NH
Me 13.8 53.3 34
Et 14.7 54.6 79
Bun 16.4 63.9 77
Hexn 1 1 .6 42.9 45
Œ 2CH2CH 10 .1 36.6 1 0
N-Pri 1 0 .0 33 8 8
CH2Œ 2Br 8.3 2 2 .1 0
Ph2NCH2}2 - - 0
167
For the Ph2NCH7CH2NFh2 no t enough poin ts were available 
for such a calculation, however, the ra te  of decomposition was 
calculated to be 193s-1 a t 650^0
The dipheny lam ine can be formed by bo th  a  free radical 
m echanism  or by p-hydrogen elimination. If a free radical 
m echanism  was operating then  the activation energy for the 
decom position of these compounds will be abou t the same as 
Ph2N-Me. Experimentally it was found th a t the activation energies 
ranged from  63.9 kcal mol-l for Ph2N-Bun to 22.1 kcal mol-l for 
Ph2N-CH2CH2Br indicating th a t there were differences in  the way 
these com pounds decomposed. However the experim en tal errors 
were probably large since the tem pera tu re of the fu rnace could 
n o t be  m easured accurately. However ap a rt from  Ph2N-CH2GH2Br 
all the Ph2N-R derivatives started  to decompose a t around  6 5 0 ^  
an d  were almost fuHy decom posed a t around YSO^C, Indicating 
th a t they  were aU decomposing via the same general mechanism.
Further evidence fo r a  free radical mechanism  was provided 
by some of the o ther products detected in the decomposition. The 
tetrapheny lhyd razine could only form  by the com bination of two 
am iny l radicals, which in  tu rn  could only be genera ted by 
cleavage of the N-C bond. The m ethy lated products could only be 
form ed if  free radicals were presen t. As discussed in  section 5.5 
the  2“ an d  4-m ethy l d ipheny lam ine was form ed m ainly by the 
addition of m ethy l radicals to the ary l rings of the dipheny lam iny l 
radical (Scheme 5.15), with only a small con tribu tion from  scheme 
5.16. As discussed in  section 5.6 the  m ethy l radicals were 
p robably form ed by cleavage of the bond  between the a  and p 
carbon atoms. Therm odynam ically the addition to the aromatic 
ring is the  favoured reac tion and  this is shown in 5.7 w hen almost
168
all the méthylation is on the aromatic ring. Therefore the ratio of 
N  to aryl m éthy lation should be around 1 to 1 for Ph2N-Et. 
Allowing for the loss of some m ethy l radicals this ratio will be 
altered  in favour of the N-methyl derivative. However if the m ajor 
m ode of decomposition was the p-hydrogen ehm ination then  there 
would be a high concen tration of diphenylam ine in  the pyrolysis 
equipm en t. Methyl radicals would be trapped by the abstraction 
of the  aminyl hydrogen from  the new ly form ed diphenylam ine. As 
already shown the m ethy l radicals would have to find an aminyl 
radical to form  the 2 - o r  4-m ethyldiphenylam ine, these would no t 
be presen t if the  N^alkylated amines decomposed only by  p- 
hydrogen elimination.
The final evidence for a free radical mechanism comes from  
The absence of dipheny lam ine from  the pyrolysis of the N-(2- 
bromoethyl) dipheny lam ine and  Ph2N-C2H4-NPh2. Both these 
com pounds have large functional groups in  the p-positions. The 
favoured configuration of bo th  these com pounds would have the 
p-hydrogens in  a favourable position for elimination. The p- 
hydrogens for these derivatives are also slightly ac tiva tedh^, in  
spite of this dipheny lam ine was no t detected.
If a  free radical m echanism  was operating then  the therm al 
stability of the N-aUyl dipheny lam ines should be dependan t upon 
the stabilisation energy of the free radicals derived from  the 
decom position of the starting m aterial. The m ore stable the radical 
produc ts the m ore readily the corresponding am ine derivative 
decomposes. The exception to this is the Ph2N-CH2(H 2Br, which 
m ay decompose by a concerted type mechanism.
During the  FVP, the m echanism  by  which these compotmds 
decom pose is probably the free radical mechanism. These would
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m ainly be initia ted by the cleavage of the N-C bond. At lower 
tem pera tu res the p-hydrogen elimination is probably m ore 
im portan t bu t may still make an im portan t con tribu tion to 
dipheny lam ine form ation during the FVP experiments. 
U nfortunatly there was no direc t evidence for the p-hydrogen 
elimination.
Evidence for p-hydrogen elimination could possibly be 
ob tained  from  the thermolysis of Ph2N-(CH2)4CHCH2 around 
3500C. If p-hydrogen elim ination was occuring then  the m ajor 
p roduc t would be hexa-l,5-diene. If N-C cleavage was occuring 
then  the resulting 5-hexenyl radical would rearrange to give the 
cyclopen tyhnethy l radical. Abstraction of the te rtiary hyd rogen 
then  gives m ethylenecyclopentane.
A,,NH *Elimination
N-C
Cleavage
\ / \ / \  — QArgN" \ /  ^ A r g N "  /  V ------► ArgNH
S chem e 5.42 
Experimental scheme to determ ine 
the  m echanism  by which N^alkylated 
dipheny lam ines decompose
A second experim en t involves the therm olysis of the iV-n- 
propy ldipheny lam ine. If N-C cleavage was a  m ajor m ode of 
decom position then  the resulting n-propy l radical would rapidly 
decom pose to give mostly m ethy l radicals. The m ajor produc ts 
w ould therefore be the m ethy la ted  derivatives of dipheny lam ine.
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If p-hydrogen ehm ination was the m ajor rou te of decomposition 
then diphenylam ine will be the m ajor product.
From the thermolysis experim ents it was no t possible to say 
which would be the m ost effective as a slow release an tioxidan t 
since the lifetime w ithin a  fired engine canno t be estim ated. 
However the highest yield of dipheny lam ine was ob tained from  N- 
isopropyldiphenylamine. (see N- isopropyldiphenylam ine, results 
and discussion.)
5.17 The Panel coker test 
Introduction
This test was designed to simulate conditions in  the  region of 
the piston rings of an  engine. In this region the oil is subjected to 
high tem peratures and  comes in to con tact with air and  the 
combustion process which power the engine.
The test involves splashing a  form ulated oil on to a  h o t m etal 
plate in a  con trolled m anner. On con tact with the pla te the oü 
oxidises rapidly eventually forming a  deposit of coke. The 
perform ance of the oü is then ra ted  by weighing the am oun t of 
m a terial deposited.
A visual ra ting is also perform ed, in  which the  pla tes are 
divided in to a num ber of smaller regions and for each region the 
severity of the deposited m a terial is com pared to a  set of 
standards. These range from  black which is given a  ra ting 10 to a 
veiy  hght am ber which has a  ra ting  of 1. A region w ith no 
deposits is given zero rating. The calculation of the results 
involves averaging the ra tings from  all the regions and  sub trac ting 
this value from  1 0 , so the bette r the sample's perform ance the 
higher the rating.
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The antioxidants under test were all M alky la ted 
diphenylam ines. On contact with the ho t metal plate, these were 
designed to decompose, giving diphenylamine and an alkene. The 
freed diphenylam ine can then act as an antioxidant. The ra te  a t 
which the an tioxidan t is generated will depend on how easily the 
fV^alkyl group is lost, hence th e  alkylated am ine which 
decomposes the most readily, should be the m ost effective as an 
antioxidant.
Panel coker experiments
The am ines tested were diphenylam ine, JV-Et, N-E.ex^
and N-Pri DPA, The samples were prepared  by  dissolving the 
am ines in to 2 0 0 g of the basestock and then making up  the 
samples to 250g.
For these experim ents the tem pera tu re o f  the  oil reservoir 
was lOQoC and  the m etal plate 320°C. The oü was m echanicaüy 
splashed on to the m etal plate in a  controUed fashion for 15 
seconds every m inute. The plate was held a t an angle of 30^ to the 
horizontal, this aüowed the oÜ to ru n  off. The du ra tion of the test 
was 1 hour.
In the firs t experim en t the am ines were dissolved in to 
NS150 basestock. The concen tration of amines in  aU the samples 
was 0.0148 molal. A s tandard  was used in which no an tioxidan ts 
were presen t. The results of this experim en t are  shown over the 
page.
Amine weight of deposit g average m erit
Ph2N-H 0.0241 2.07
Ph2N-Et 0.0368 0.47
Ph2N-Bu^ 0.0203 4.12
Ph2N-Hexn 0.0144 3.25
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PhzN-Pri 0.0228 5.18
None 0.0224 2.92
From these results Pli2N-Hexn was the m ost effective a t 
controlling the form ation of deposits on the plate. All the samples 
had  perform ed poorly.
The nex t experim en t was to try  the amines in  a form ulated 
basestock. The amines were dissolved in a basestock a t a 
concen tration of 0.0148 molal. The basestock consisted of :•*
5.25% dispersan t ECA12819 
1.5% ZDDP PX14
0.5% Magnesium sulphonate ECA11190 
2.3% Calcium sulphonate ECA11785 
0.5%Sulphurised phenol ECA9946 
89.95% NS150
The results of these experim ents are shown in  the table 
below.
Amine weight of deposit g average m erit
Ph2N-H 0.0017 4.87
PhzN-Et 0.0063 5.52
Ph2N-Bun 0.0092 7.03
Ph2N-Hexiï 0.0082 7.81
Ph2N-Pri 0.0092 7.08
None 0.013 6.92
The panel w ith the least deposits was as expected the free 
dipheny lam ine, the w orst was the standard  sample. Of the N- 
alky la ted am ines the Ph2N-Et derivative perform ed the best. The 
visual ratings d id  no t correla te well w ith the am oun t of m aterial 
deposited.
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5.18 Comparison of the FVP and panel coker results.
The FVP resu lts showed th a t the  Ph2N-Et deriva tive was 
therm ally, one of the m ost stable of the alkylated am ine, whereas 
in panel coker tests the opposite was true. The Ph2N-Pri was the 
least stable of the am ines in  the therm olysis reactions b u t in  the 
panel coker it appeared to be the m ost stable.
These differences could be explained if the decom position of 
the  N-alkylated dipheny lam ines was in itia ted  by chem ical a ttack 
upon  the am inyl nitrogen. The m ost likely agents of a ttack are the 
hyd roperoxides which can oxidize the am iny l n itrogen to the N- 
oxide, this readily decomposes to give the hydroxy lam ine which is 
known to be an  active an tioxidan t. The increased steric h indrance 
offered by the larger alkyl groups, particu larly by the isopropy l 
group, slow down the ra te  of this reaction, therefore in  these tests 
the N- isopropy l derivative was m ore stable.
5.19 ERCOTs w ith slow release agents
This test was designed to find the approxim a te lifetim e of 
the alky lated am ines in the ERCOT. From previous ERCOT's it was 
found tha t dipheny lam ine could pro tect a sample of NS150 almost 
in d e fin ite ly  w hen  it  was p re se n t  above a c e r ta in  c ritica l 
concen tra tion.
These experim en ts were ru n  in  NS150. The an tioxidan t was 
a m ix ture of dipheny lam ine and  N -e thy ldipheny lam ine. The to tal 
am oun t of free an tioxidan t was below the critical concen tra tion  
b u t  the am oun t of po tentially available an tioxidan t was above.
D uring the ERCOT, the  slow release agen t was expec ted to 
release its an tioxidan t. The ra te  of release would ultim a te ly affect 
the results. If the bound  an tioxidan t was released rapid ly then  the
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samples would no t significantly increase in viscosity. If the release 
was very slow then  the sample would behave as if there was no 
slow release agen t presen t.
For these experim ents an  NS150 basestock was used. The 
am oun t of DPA was varied from  0.01- 0.0051 molal. The critical 
concentration had already been determ ined a t 0.0083 molal. To 
this PhzN-Et was added so the am oun t of diphenylam ine 
po tentially available was 0.010 molal. The results ob tained from  
these experim ents are shown in the graphs below.
40 -
CLU
30 -
c/>ouw’> 20 -
1 0 -
0 10 20 30
Molal concentration of 
DPAandN-EtDPA
B .01 DPA
♦  .0093 DPA, .0007 N-Et 
n  .0084 DPA. .0016 N-Et 
o  .0076 DPA, .0024 N-Et 
«  .0068 DPA, .0032 N-Et 
a .0051 DPA, .0049 N-Et
T i me / h
G raph  5.3
ERCOT results for samples containing a mixture 
of dipheny lam ine and  N-Et dipheny lam ine
Graph 5.3 shows th a t for th ree of the ERCOT's run  with the 
slow release an tioxidan t the viscosity h ad  increased significantly, 
b u t the ra te  of increase appears to be slowing down indicating 
th a t the slow release agen t was releasing significant am oun ts of 
dipheny lam ine over the du ra tion  of the experiment.
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Graph 5.4 compares samples which con tain bo th  
dipheny lam ine and the slow release agen t with samples which 
contain just the diphenylamine component.
100
80 -
a.
60 -
40 -
20 -
0 10 20 30
Molal concentration of 
DPA and N-Et DPA
G .0081 DPA 
♦  .0071 DPA 
O .0059 DPA 
^ .0076 DPA, .0024  N-Et 
A  .0051 DPA, .0049 N-Et
T i me / h
G raph  5.4 
Comparison of ERCOT results obtained with 
DPA and a m ix ture of DPA/N-Et DPA
G raph 5.4 shows tha t a  m ix ture containing 0.0051 molal DPA 
and  0.0049 molal N-Et DPA perform ed be tte r than  samples 
containing only DPA a t concentrations of 0.0071 and 0.0081 molal. 
These ERCOT are furthe r evidence tha t a significant portion of the 
slow release agen t had  decomposed.
5.20 Discussion of Results
The Ph2N-Et DPA showed signs of appreciable decomposition 
in the ERCOT’s, which were run  a t 165^0, whereas in  the 
conven tional pyrolysis the re was no evidence of decom position a t 
2 5 0 %
Tert-amines can decompose a t lower tem pera tu res if the N- 
oxides are firs t formed. The la tte r can be genera ted by the 
reac tion of the te r t-  am ine w ith hydroperoxides. Once form ed the
176
N oxide readily decomposes via p-hydrogen elim ination to give 
the hydroxylamine and an  a lk e n e 7 4 ,7 5 .  The hydroxylamine can 
then trap chain propagating radicals and augm en t the antioxidant 
activity.
?:ArgN-CHg-CHg-R + ROOM---------- *- ArgN-CHg-CHg-R + ROM
O' ^CH-R
ArgN—CHg --------► ArgNOH + C H f=C H -R
Schem e 5.43 
Low tem pera tu re decom position 
of te r t-  amines
hi the panel coker test it was found  tha t large alkyl groups 
were able to slow down the ra te  a t which N alky la ted  
diphenylam ines decomposed. This was probably due to steric 
hindrance, which slowed down the  ra te  a t which the 
hydroperoxides were able to oxidise the aminyl nitrogen.
The m ajor problem s with the slow release agen ts tested so 
far was the ir relatively short lifetimes. As already discussed in the 
introduction, a  m o tor oil is changed after around 150 hours of 
norm al driving. The alky lated am ines were showing signs of 
considerable decomposition after around 2 0  hours.
Possible ways of ex tending the lifetim e of the  slow release 
an tioxidan ts is to use larger alkyl groups to increase steric 
hindrance around the nitrogen, to use p-substituents which will 
deactivate the p-hydrogens or to use substituents w ithou t p- 
hydrogens.
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5.21 Experimental 
FVP experim en tal
The sample size for the analytical FVP experim ents was 
generally 0.2g. For prepara tive FVP the sample size was Ig. The 
samples were placed in  a kinked inlet tube which could hold a 
liquid sample. The sample was hea ted externally in  a  con trolled 
fashion. The time taken to vaporise the sample was half an hour.
The pressure for the FVP experiments was in  the range of 
1 * 1 0 - 2  to 5 * 1 0 " ^  Torr, and  the tem pera tu re of the furnace was set 
a t 700%  for the firs t experim en tal ru n  w ith a sample, this was 
then changed by plus o r m inus 50%  depending upon the am oun t 
of decomposition. The products were then condensed in a  trap  
cooled by liquid nitrogen.
Product analysis
The produc t was rem oved from  the trap  by dissolving in  
m ethy lene chloride, which was then  evapora ted and  the produc t 
dissolved in  deuterochloroform . The am oun t of decomposition was 
estim ated from  the ra tio of alkyl to ary l hydrogen. This m ethod 
was only effective if the  ary l hydrogens were relatively 
unaffected by the FVP.
D eterm ination of the products was achieved by a 
combination of GC, GC-MS, TLC, and iH NMR. The GC-MS separates 
the m ixture in to its com ponen t parts  and then  carries ou t a  mass 
spectrum  on each com ponen t. A library search facility was used to 
iden tify m any of the com ponen ts from  their mass spectra.
The TLC was used  to separate the produc t m ix ture in to its 
com ponen t parts  afte r which IH NMR and  MS were used. The 
sta tionary phase was silica and  the mobile phase was 40-60 
pe troleum  e the r w ith 5% diethy le ther.
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The GC was used to separate the products and  m easure the 
relative am ounts. The column used was of 1mm radius and Im  
length. The sta tionary phase was OV 101 a t 3% loading, the mobile 
phase was nitrogen a t 15 psi, the oven tem pera tu re was set a t 
2 2 0 % , the injector and detector were also at this tem perature. 
Detection was by flame ionisation. Chart speed was set a t 0.5mm 
m in-l. Identification of any produc ts was by com parison of 
re ten tion times with those of known s tandard  samples.
Volatile products were exam ined by addition of 
deu terochloroform  to the produc t m ix ture and analysis of this by 
IH NMR.
Conventional pyrolysis
The am ines (0.2g) were placed in  2ml ampoules. These were 
degassed by freeze, pum p, thaw  cycles and then  flame sealed 
under vacuum. For each ru n  six samples were prepared. The 
pyrolyses were carried ou t in  a  fiuidized sand bath . The pyrolysis 
experim en ts were started  a t 250% , after each experim ental run  
the tem pera tu re was increased by  25% . The tem pera tu re was 
m onitored using a thermocouple. The samples were tied to a glass 
rod  and  held u nder the surface of the sand and a sample was then 
rem oved each hour. Analysis was by iH NMR. The am oun t of 
decom position was estim ated from  the ra tio of alkyl to aromatic 
hydrogens.
Panel coker test
This te s t essentially involved splashing an  oil sample on to a 
ho t m etal pla te and  weighing the am oun t of deposit. The samples 
for the panel coker were p repared  by dissolving the am ines in to 
the required  basestock and  making u p  the sample to 250g. The
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m e tal plates for the experim ents were made from  aluminium, and 
these were cleaned and weighed.
The sample was hea ted  up  to a tem pera tu re of lOCPC and 
the m etal pla te to 320% , the metal plate was a t an  angle of 30® to 
the horizontal, this allowed the sample to ru n  off. The oil was 
splashed on to the m etal pla te using a  splined spindle which was 
ro ta ted  by an  electric motor. The splashing occured for 15 seconds 
every m inute. The du ra tion of the test was one hour.
The pla te was then  rem oved and  washed twice in  hexane to 
rem ove any unreac ted oÜ and  dried  in an  oven. This was then  
weighed for the am oun t of deposits.
A visual rating was also done. For this the pla te was divided 
in to small sections and  each section was assessed for the severity 
of the  deposit. The severity was estim a ted from  its colour. The 
colour was com pared to a standard set of 1 0  colours ranging from 
pale am ber to black. Black was given a  rating of 10 and  pale 
am ber 1. The average m erit was then  calculated from  all the 
regions and  this value was sub trac ted  from  10  to give a  rating. 
The higher the rating the bette r the perform ance of the sample. 
Syntheses
A ttem p ted  syn thesis o f N -trim ethylsilyld iphenylam ine  
Diphenylamine (1.7g, O.Olmol) was dissolved in  m ethy lene 
chloride (20ml). The resulting solu tion was added dropwise to 
trhnethy lsily lchloride (1.3g, 0.012 mol). The m ix ture was then 
refluxed for half an  hour. W ater (0.24g, 0.013mol) and  pyridine 
(0.95g, 0 .012mol) were dissolved in  d ry  te trahyd ro furan  which 
was added  dropwise to the reac tion m ix ture. The solven t was then  
rem oved and  w ater added  to the m ix ture which was ex tracted 
w ith diethy l e the r (3*25ml), the com bined ex tracts were d ried
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over m agnesium sulphate. Product analysis indicated tha t a 
dimeric trim ethy l silicone and  diphenylam ine were the only 
components.
Svnthesis of the iV-oxides
A ttem p ted  preparation o f N -ethyldiphenylam ine-N -oxide ^4. a  
m ix ture of acetic anhydride (30ml) and hydrogen peroxide (30ml 
of a  30% solution in water, 0.3mol H2P 2) was prepared. This was 
cooled in  a  salt/ice ba th  and  stirred. To this was added N- 
ethy ldipheny lam ine (lOg, 0.058mol) over a period of an  hour. 
The m ix ture was stirred  for a  fu rthe r two hours. This was then  
trea ted  with po tassium  hydroxide solution (50ml, IM) and  
ex tracted with e the r (3*50ml). The extracts were com bined and  
dried  over anhydrous sodium sulphate. On removal of the  solvent 
a dark  red  liquid was ob tained. Yld of N- oxide Og, 0.0%; iH 
NMR(CDQg, 200MHz) ôjj 6.9-7.5 (lOH, m); IR no N-oxide presen t; 
ESR a(N)=9.3G indicating tha t Ph2N-0 * was the only param agnetic 
product.
A ttem p ted  preparation o f  N -n-butyldiphenylam ine-N -oxide  74. jv- 
n-buty ldipheny lam ine (11.26, 0.05mol) was used, ah  o the r 
conditions being the same as those used in the prepara tion of the 
N-ethyl, N oxide. Product analysis indicated th a t Ph2N%" was 
again produced.
A ttem p ted  preparation o f  N -m hexyldiphenylam ine-N -oxide'^^. N  
n-hexy ldipheny lam ine (12.66g, O.OSmol) was used, ah  o the r 
conditions being the same as those used in  the prepara tion of the 
N-ethyl, N-oxide. Product analysis indicated tha t the produc t was 
again Ph2N-0 %
T n-n-hexylphosphate. T richlorophosphate (7.5g, O.OSmol) was 
dissolved in  40-60 pe troleum  e th e r (100ml). A m ix ture con taining
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hexanol (15.4g, 0.15m ol) an d  p y rid ine  (11.9g, 0 .15m ol) was 
p rep ared  and  this was added  dropwise to the trich lo rophospha te  
solu tion . A fter the  ad d itio n  was com ple ted  th e  m ix tu re  was 
refluxed for half an  hour cooled and filtered. The solven t was then  
rem oved to leave the product. Yield 16.8g, 96%; (CDCI3 , 60MHz) 
%  4.05 (q, 2H), 1.7 (quin tet, 2H), 1.3 (m, 6 H), 0.9 (t, 3H). 
Tri-isopropylphosphate, The tri-isopropy lphospha te was p repared  
by  th e  sam e m e th o d  used  fo r th e  syn thesis of th e  tri-n - 
hexy lphospha te . The reac tan ts  used  w ere trich lo ro p h o sp h a te  
(7.5g, 0.053m ol), isopropy l alcohol (9g, 0.15m ol) an d  py rid ine 
(11.85g, O.lSmol). Yield l lg ,  98%; iH NMR(60MHz, CDCI3 ) Ôh 4.4 
(octet, IH), 1.0 (doublet, 6 H)
A t t e m p t e d  p r e p a r a t i o n  o f  t r i - t e r t - b u t y l p h o s p h a t e .  
T rich lo rophospha te  (7.6g, 0.05m ol), te rt-bu ty l alcohol (11 .Ig , 
0 .15m ol) an d  p y rid in e  ( 1 1 .9g, 0 .15m ol) w ere u sed  in  th e  
p rep ara tio n . The phospha te  este r was p rep ared  by the  sam e 
m e thod used to synthesize the tri-n-hexy lphosphate. P repara tion 
of the ester was unsuccessful.
T ri-iso b u ty lp h o sp h a te , T rich lo ro p h o sp h a te  (7.5g, 0 .05m ol), 
isobu ty l alcohol (11.Ig, 0.15mol) and  pyridine (11.85, 0.15) were 
used in the prepara tion. The phospha te ester was p repared  by the 
same m e thod used to synthesize the tri-n-hexy lphosphate. Yield 
12g, 90%; IH NMR (60MHz, CDCI3) 8^3.9 (t, 2H), 2.0 (m, IH) 1.0 (d,
6 H).
Tri-m ethoxyethylphosphate. The phospha te  este r was p rep ared  
by the same m e thod used to synthesize the tri-n-hexy lphosphate. 
T rich lo rophospha te  (7.5g, O.OSmol), m e thoxyethanol (11.42, 
O.lSmol) and  py ridine (11.85g, O.lSmol) were used. Yield 12.4g,
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91%; IH NMR (60MHz, CDCI3 ) ôh 4.25 (quartet, 2H), 3.6 (t, 2H), 3.4 
(s, 3H).
T ri-dodecylphospha te , T he m e th o d  u sed  to  p ro d u c e  th e  
tr id o d ecy lp h o sp h a te  was th e  sam e as th a t  em ployed  in  the  
synthesis of the  tri-hexyIphospha te . T rich lo rophospha te  (7.6g, 
O.OSmol), py rid ine (11.9g, O.lSmol) and  dodecy lalcohol (27.9g, 
O .lSm ol) were used  for the  synthesis. P roduc t analysis showed 
th a t the ester had  no t form ed.
N-alkvlation of dipheny lam ine with trialky lphospha tes 
M ethods for working u p
For all the  alky la tion reac tions w ith tria lky lphospha tes, 
w orking up  involved firs tly the  rem oval of u n reac ted  tria lky l 
phospha te  then  the rem oval of unreac ted  dipheny lam ine. 
Removal of unreac ted  trialky lphospha tes.
The un refined  am ine was dissolved in e thano l (100m l) to 
w hich sodium  hyd roxide (5g, 0.125m ol) had  been  added. The 
m ix ture was then  refluxed for two hours. After this the m ix ture 
was p o u red  in to  w a te r (2 0 0 ml) an d  ex trac ted  w ith  40-60 
pe tro leum  e the r (3*50ml). The ex tracts were com bined and  the 
p e t e the r rem oved to give the crude amine.
Removal of unreac ted  dipheny lam ine 
M ethod one
Acetic anhyd ride (10ml) was added to the crude am ide and 
the m ix ture refluxed for half an  hour. The m ix ture was poured  
in to w ater (1 0 0 ml) and  stirred  for 1 0  hours, the aqueous m ix ture 
was th en  ex trac ted  w ith 40-60 pe tro leum  e th e r  (3*50m l), the 
com bined extracts were com bined and  evaporated to a th ird  of its 
original volume. This was cooled in an  ice/sa lt b a th  to -5%  and  
filte red . The filte red  liqu id  was th en  d ried  over m agnesium
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sulpha te, filtered and the rem aining pe t ether rem oved to yield 
the amine. The am ine was then distilled under reduced pressure. 
M ethod two
The un reac ted dipheny lam ine was removed by reüuxing the 
crude am ine with benzoyl chloride (7g, O.OSmol) for half an  hour. 
The excess benzoyl chloride was removed by distillation under 
reduced pressure. The remaining m aterial was dissolved in  50ml 
of boiling 40-60 petroleum  ether. The resulting solution was 
filtered, cooled to -5%  and filtered again. The remaining liquid 
was then  stirred  with 1 0 0 m l of sa tu ra ted  sodium carbona te for 1 0  
hours. The organic layer was then  separated and  dried  over 
anhyd rous sodium  sulphate. This was filtered and  the solvent 
rem oved to yield the amine. This was then  distilled under reduced 
pressure.
N -M ethyldiphenylam bie  76. Diphenylamine (6.9g, 0.04mol) was 
added  to trim ethy lphosphate (lOg, 0.07mol). The m ix ture was 
hea ted  un til a  vigorous reaction occured, after which the reaction 
m ix tu re separa ted  in to two layers. The hea t source was rem oved 
and  the m ix ture allowed to cool. The top layer was dissolved away 
w ith 40-60 pe tro leum  e the r afte r which the bo ttom  layer was 
discarded. The solvent was rem oved and the crude am ine was 
dissolved in  ethanol (100ml) to which sodium hydroxide (5g, 
0.125mol) h ad  been added. The alcoholic solution was then 
refluxed for two hours after which it was poured  on to 2 0 0 m l of 
w ater. The am ine was ex trac ted w ith 40-60 pe tro leum  e the r 
(3 *5 0ml). The com bm ed ex tracts were dried  over m agnesium  
sulphate. Yield 6 .8 g, 91%; % N-Methylation 94%; iH NMR (60MHz, 
CDUg) ÔH 3.25 (s, 3H), 6.9-7.S (m, lOH)
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N -Ethyldiphenylam m e 76. Diphenylamine (8.45g, O.OSmol) was 
added to trlethy l-phosphate (5g, 0.027mol). The m ix ture was 
hea ted  until a  vigorous reac tion occured after which the reaction 
m ix ture separa ted into two layers. A sample was taken from  the 
top layer and  analysed by  iH NMR. If the am inyl hyd rogen was 
still prom inen t a t ôjj 5.5 then m ore triethy lphospha te (5g, 
0.027mol) was added and the procedure repeated. The top layer 
was then  decan ted off and any remaining produc t was removed 
w ith 40-60 petroleum  e ther, which was com bined w ith the 
decan ted  Hquid and the solvent was removed. Removal of 
unreac ted  dipheny lam ine was by m ethod one (see above).Yield 
4.72g, 48%; bp  114% a t 0.4 Torr, lit. bp  152-153%  12 Torr%; % 
alkylation in  the product, 100%; NMR (200MHz, CDCI3) %  l . l ( t ,  
3H), 3.6 (q, 2H), 6.85 (m, 6 H) 7.15 (m, 4H); 13C NMR ôc 148.4, 
129.9, 121.7,121.6, 47.1,13.3.
N -n-B utyldiphenylam ine  76. Diphenylamine (8.45g, O.OSmol) was 
added  to tri-n-bu ty l-phosphate (7.4g, 0 .028mol). The m ix ture was 
hea ted  until a  vigorous reac tion occured after which the reaction 
m ix ture separa ted  in to two layers. A sample was taken  from  the 
top layer and  analysed by  iH NMR. If the am iny l hyd rogen was 
still prom inen t a t ôjj 5.5 then  m ore tri-n-bu ty lphospha te (5g, 
0.027mol) was added and  the procedure repea ted. The top layer 
was then  decan ted off and  any rem aining produc t was rem oved 
w ith  40-60 pe troleum  e ther, this was com bined w ith  th e  decan ted  
liquid and  the solvent was removed. Removal of unreac ted  
dipheny lam ine was by m ethod one (see above). Yield 6.63g, 59%; 
bp  124-131%  a t 1 Torr; IH NMR (200MHz, CDCI3) %  0.9 (t, 3H), 1.3 
(sextet, 2H), 1.65 (quintet, 2H), 3.65 (t, 2H), 6.9 (m, 6 H), 7.25 (m, 
4H); 13Côcl4.7, 21.0, 30.3, 52.8, 121.6, 121.8, 129.9, 148.9.
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N -n-H exyldiphenyîam ine 76, Diphenylamiiie (8.45g, O.OSmol) was 
added to tri-n-hexyl-phosphate (6.76g, 0.019mol). The appara tus 
was set up to allow for the distillation of any volatile products. 
The reaction was hea ted until a  vigorous reaction occured. (The 
reaction also produced a volatile liquid which was collected, 
analysed and  found to be hex-l-ene.) The hea t source was then 
removed. After the reaction had  subsided the m ix ture form ed two 
layers. The reaction was allowed to cool to room  tem pera tu re and 
the top layer decan ted off. Any rem nan ts of the top layer were 
ex tracted with 40-60 pe troleum  e the r and  com bined w ith the 
previously decan ted top layer. The bo ttom  layer was then 
discarded. The pet. ether was rem oved on a Buchi to leave the 
crude produc t. Removal of unreac ted  dipheny lam ine was by 
m ethod 2(see above). Yield 10.3g, 34%; bp 128%  a t 0.27 Torr; % 
alkylation in  produc t 100%; iHNMR (200MHz) %  0.85 (t, 3H), 1.25 
(m, 6 H), 1.65 (quintet, 2H), 3.65 (t, 2H), 6.85-7.0 (m, 6 H) 7.1-7.2 
(m, 4H); 13C NMR Ôcl48.8, 129.9, 121.7, 121.6, 53, 32.4, 28.4, 27.5, 
23.4, 14.8.
A ttem p ted  preparation o f  N -isobutyldiphenylam dne 76, The 
m ethod used was the same as tha t used for the prepara tion  of the 
N ethy ldipheny lam ine, dipheny lam ine (8.45g, O.OSmol) was 
refluxed with tii-isobu ty lphospha te (8 g, 0.03mol). % Alkylation in  
crude produc t 0 %.
N -(2-M ethoxyethyl)diphenylarnine  76, This deriva tive was 
prepared  by the same m e thod used for the synthesis of the N-n- 
hexyldiphenylamine. Diphenylamine (8.5g, O.OSmol) was refluxed 
with tri-m ethoxyethy lphosphate (12g, 0.044mol). The crude 
produc t contained 51% N-alkylated produc t.
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To remove the un reac ted tri-m ethoxyethy lphosphate the 
crude amine was dissolved in  40-60 petroleum  e the r ( 100ml) and  
die resulting solu tion was washed with water (4*100). This was 
dried over anhydrous sodium  sulphate. The produc t was filtered 
and  the solvent rem oved to yield the crude amine. Removal of 
unreac ted  dipheny lam ine was by m ethod 2 (see above)
Yield 1.2g, 10.1%. % alkylation in product 85%; iH NMR (60MHz, 
a x is )  %  3.3 (s, 3H), 3.7 (t, 2H), 4.0 (t, 2H), 6.7-7.3 (m, lOH). 
N,N,N \N '-Telraphenyl-l,2-cBamiaoethajae 76, Diphenylamine (8.5g, 
O.OSmol) was refluxed w ith 6 g of tii-(2-ch loroe thy l)phospha te 
(6 g, 0,02 Imol). A vigorous reaction occured after which the 
reac tion separa ted in to two layers. The top layer was ex trac ted  
with boding toluene (4*50ml). The volume of toluene was reduced 
to 50ml and the resulting solution cooled to -5%  and  filtered. The 
soUd m a terial was recrystalMzed from  40-60 pe tro leum  e ther. 
Yield 6.7g, 74%; m p 167-169% , Ht. m p 168-169.5%99; %
alkylation in  final p roduc t 100%; iH NMR (200MHz, CDCI3) 6^4.0 (s, 
4H), 7.0 (m, 12H), 7.3 (m, 8H); 13C NMR 50.1, 121.3, 122.0, 
129.9,148.2.
A ttem p ted  syn thesis o f  N -chloroethyldiphenylam ine  7 6 ,  
Diphenylamine (1.69g, O.Olmol) was refluxed w ith 
trichloroethy lphosphate (2.85g, O.Olmol) and diethy lene glycol 
dlm ethoxyether (2ml) fo r half an hour. The m ix ture was aUowed 
to cool and  was then  dissolved in  40-60 pe troleum  e th e r (20ml) 
and  w ashed w ith w a ter (5*100ml). The organic layer was then  
d ried  over m agnesium  sulpha te and  the solvent rem oved to give 
the crude amine. Produc t analysis showed th a t alky lation was by  
the displacem en t of the  ch lorine as wed as the phosphorus.
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A ttem p ted  synthesis o f  N -hydroxyethyldiphenyîam ine, The crude 
produc t ob tained in the a ttem p ted synthesis of N-(2- 
cioroethyl)diphenylam ine was dissolved in  methanol {1 0 0 ml) to 
which w ater (1 0 ml) and  sodium hydroxide (3 g) had  been added. 
The m ix ture was refluxed for 2hours. The reaction was dilu ted 
w ith water (2 0 0 ml) and  the aqueous m ix ture was ex trac ted with 
m ethy lene chloride (3*70ml). The extracts were com bined and 
d ried  over m agnesium sulpha te. Yield of hydroxyethy l derivative; 
0%
N -Isopropyldiphenylaxnine 76. The N^isopropyldiphenylamine was 
p repared  by the same m e thod used for the synthesis of JSh 
hexyldiphenylam ine. The reac tan ts used were dipheny lam ine 
(8.5g, O.OSmol) and  tri-isopropyl-phosphate (11.2g, 0.058mol). 
The crude amine con tained only 17% of the JV-alkylated produc t. 
N -Isopropylchphenylam m e via the N-alkah m etal am ide  80. 
Diphenylamine (5g, 0.03mol) was dissolved in  dry ethe r (50ml), 
u n d er a  dry n itrogen atm osphere. To this was added  n-bu ty l 
lithium  (22m l of 1.6M solu tion of n-bu ty l lithium, 0.0352mol). The 
m ix ture was then  stirred  for 1 hour. Dry 2-brom opropane (4.4g, 
0 .036mol) was added  dropwise and  the mixture s tirred  for 10  
hours. The reac tion was trea ted  with w ater (50ml) an d  ex tracted 
w ith e the r (3 *3 0ml), the  com bined extracts were d ried  over 
m agnesium  sulphate.
Product analysis showed th a t there was only 8% N- 
alky lation in  the crude am ine. The use of dry toluene as the 
reac tion solvent increased the  percen tage of alkylated produc t to 
60%. In THF the % alkylation was only 26%.
N -Isopropyldiphenylam ine from  2dodopropane, reaction over 
potassium  carbonate 36. Diphenylamine (16.9g, O.lmol) was
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reflu x ed  w ith  25.5g of io d o p ro p an e  (25.5g, 0 .15m ol) over 
po tassium  carbona te  (25g, 0.45mol) and  copper pow der (0.25g). 
The m ix ture was refluxed for 10 hours. The reac tion m ix ture was 
allowed to cool and  was d ilu ted  w ith d ie thy le the r ( 1 0 0 ml) and  
filtered. The m ix ture was then  distilled under reduced pressure to 
leave the  crude am ine. Analysis of th is showed th a t  th e re  was 
only 7% N-alkylation in the crude amine.
N -Isopropyld iphenylam ine from  2 -iodopropane, reaction  o ver  
m agnesium  75. D ipheny lam ine (8.45, 0.05mol) was refluxed w ith 
18.7g of iodopropane (18.7g, O .llm ol) over m agnesium  tu rn ings 
(1.5g, 0.062). The m ix ture was refluxed for 6  hours producing  a 
green solid. The reac tion was allowed to cool after which toluene 
(50m l) was added . H yd rochloric acid  (IM ) was th e n  ad d ed  
dropwise un til all the green solid had  disappeared. The m ix ture 
was ex trac ted  w ith  d ie th y le th e r  (3*50ml) and  the  com bined 
ex tracts were washed with aqueous sodium  hydroxide (25ml, IM) 
an d  w a te r (25m l). The e th e r  so lu tion  was th e n  d r ied  over 
anhyd rous sodium  sulphate.
P roduc t analysis showed 75% alky lation in the crude amine. 
The use of 2-brom opropane gave no alkylation. The use of toluene 
as a  reac tion solven t gave 32% alkylation. Removal o f unreac ted  
dipheny lam ine was by m ethod 2 (see above). Yield 4.9g, 46%; bp 
108OC a t 0.2 Torr, 116oC a t 0.3 Torr, lit. bp 160-165OC a t 15 
Torr^S; % alky lation in the produc t 100%. iH, (60 MHz, CDCI3 ) 8^  
1.0 (d, 6 H), 4.2 (hep tet, IH), 6.7-7.3 (m, lOH). 
N -Iso b u ty ld ip h en y la m in e  via l-io d o -2 -m e th y lp ro p a n e  o ver  
m agnesium  75. The m ethod used was the same as th a t em ployed 
in  the  syn thesis of the  N -isopropy ldipheny lam ine. The crude 
produc t contained 45% A^alkylated m aterial when dipheny lam ine
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(8.5g, 0.05mol) and  l-iodo-2-m ethy lpropane (18.4g, O.lmol) were 
refluxed over magnesium (1.22g, 0.05mol). Removal of unreac ted 
diphenylam ine was by m ethod 2 (see above). Yield 1.4g, 12%; % 
alkylation in final produc t 80%; %  NMRôy 0.8 (d, 6H), 1.8 (m, IH), 
3.4 (d, 2H), 6.S-7.4 (m, lOH).
N -Tert-butyldiphenylam ine from  2-iodo-2-m ethylpropane, 
reaction over m agnesium  75. Diphenylamine (8.45g, 0.05mol) and 
2-iodo-2-m ethy lpropane (18.4g, O.lmol) were dissolved in dry 
40-60 pe troleum  e ther (50ml). This solu tion was refluxed over 
m agnesium turnings (1.22g, O.Smol) for 48 hours. The mixture 
was filtered and  any volatile com ponen ts distilled off under 
reduced pressure to leave the crude amine. NMR analysis of the 
crude am ine showed tha t it con tained 34% alkylated product. 
Removal of unreac ted  dipheny lam ine was by m ethod 2 (see 
above). Yield 0.13g, 1.1%; % alkylation in  the product 75%; IH NMR 
(60MHz, CDOg) ÔH 1.1 (s, 9H), 6.75-7.3 (m, lOH).
A ttem p ted alky lations w ith the  tosy late ester 
2-M ethoxyethyl-p-toluenesulphonate  82. Methoxyethanol (7.6g, 
O.lmol) and  pyridine (7.9g, O.lmol) were dissolved in  m ethy lene 
chloride (50ml), the solution was then  cooled in  an  ice bath. 
Toluenesulphonyl chloride (19g, O.lmol) was dissolved in  
m e thy lene chloride (50ml) and  this was added  dropwise to the 
firs t solution. The reac tion was con tinuously stirred and the 
addition was a t a  ra te  which kep t the tem pera tu re below lO^G 
After the addition was com pleted the m ix ture was s tirred  for a 
fu rth e r 3 hours. The reac tion was then  washed w ith HCl (2* 100ml 
of IM) and  sodium  hydroxide (2*100ml of IM). The organic 
solu tion was then  d ried  over m agnesium  sulphate. Yield 20. Ig,
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87%; IH NMR ôy 2.2 (s, 3H), 3.05 (3H, s), 3.3 (t, 2H), 3.9 (t, 2H), 7.1 
(d, 2H), 7.6 (d, 2H).
Reaction o f the 2-m ethoxyethyl-p-toluenesulphonate w ith lith ium  
diphenylam ide, Diphenylamine (Ig , 0.06mol) was dissolved in  
toluene (30ml). To this was added n-bu ty l lithium (4m l of 1.6M, 
0.0064mol). The m ixture was stirred  for 1 hour. 2-Methoxyethyl- 
p-toluenesulphona te (1.5g, 0.0065mol) was dissolved in  toluene 
(2 0 ml), this solu tion was added dropwise to the reaction mixture. 
After the addition was complete, tlie mixture was s tirred  for a 
fu rth e r hour, after which 1ml of w ater was added. The organic 
layer was then  washed with w ater and  the solvent rem oved. The 
rem aining produc t was then  dissolved in methanol (50ml) to 
which sodium  hydroxide (Ig) had  been added. The m ix ture was 
refluxed for half an  hour. W ater (100ml) was then added and the 
resulting m ix ture ex tracted with 40-60 petroleum  e ther (3 *3 0ml), 
the extracts were com bined and  d ried  over magnesium sulphate. 
P roduct analysis showed th a t no alky lated product was formed. 
Reaction with diphenylam ine, Diphenylamine (Ig, 0.06mol) was 
hea ted  w ith m ethoxyethy l-tosy late (1.36g, 0.06mol). Reaction 
form ed a black solid, no N-alkylation recorded. 
N -H ydroxyethyldiphenylam ine  78. Diphenylamine (3.38g, 0.02mol) 
was refluxed w ith ethy lene carbona te (1.94g, 0.022mol) in  the 
presence of zinc chloride (0.5g). The reaction was allowed to cool 
and  m e thy lene chloride (50ml) was added. The solu tion was 
filtered and  the solvent rem oved to yield the crude amine. To 
rem ove unreac ted  ethy lene carbona te  the crude am ine was 
trea ted  w ith 1 0 0 m l of boiling w ater, th e  water was allowed to cool 
and  the crude am ine was filtered and  dried in a  desiccator. The 
rem aining p roduc t was dissolved in to 20ml of 40-60 p e t e the r and
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cooled to -5°C and filtered. The solvent was then  rem oved to yield 
the amine. Yield 1.8g, 42%; iH NMR (60MHz, CDCI3) ôh 3.6 (t, 4H),
6.7-7.3 (m, lOH); lit. ô y  =  2.85 (s, IH), 3.65 (t, 4H), 6.98 (m, 1 0 H ) 7 8 .  
N-(2-Bromoethyl)<Mphenylamine 79. N-(2-Hydroxyethyl)- 
diphenylam ine (Ig, 0.047mol) was dissolved in dry toluene 
(20ml) and cooled to O^C. To this was added phosphorus 
tribrom ide (1.3g, 0.048mol) over a  period of an  hour. After the 
addition the mixture was s tirred  for a  fu rth e r 4 hours. Water 
(40ml) was added and  the resulting m ix ture stirred  for 30 
m inu tes. This was then  ex tracted with m ethy lene chloride 
(2 *3 0ml), the extracts were com bined and  d ried  over magnesium 
sulphate. The produc t was purified by recrystallization from 
methanol. Yield 0.9g, 69%; m p 32oC, lit. m p 32-33QC79; iH NMR 
(200MHz, CDCI3) ÔH 3.6 (t, 2H), 3.7 (t, 2H), 6.9-7.1 (m, 6 H), 7.3-7.4, 
(m,4H). 13c NMRÔC40.1, 54.1, 121.4, 122.5, 129.9, 148.0.
2- A n d  4-m ethyl-N -m ethyld iphenylam ine  76. Diphenylamine 
(3.3g, 0.0195mol) was added to trim ethy l phospha te (lOg, 0.071). 
The m ix ture was hea ted  until a  vigorous reac tion occured. After 
this the reac tion was refluxed. Every 10 m inutes a  sample was 
rem oved to determ ine the ex tent of alkylation. The reaction was 
stopped when the ra tio of arom atic m ethy l to am iny l m ethy l was 
1 to 1 .
The top layer was rin sed  away w ith 40-60 pe t. ether. The 
solven t was rem oved and  the crude am ine was boiled with 2 0 0 m l 
of water. This was allowed to cool, the am ine was redissolved in to 
pet. e the r and the resulting solu tion dried  over magnesium 
sulphate. Yield 3.5g, 91%; iH NMR (60MHz, CDCI3) ôy 1.7-2.1 (3H),
2.7-3 (3H), 6.7-7.2 (9H).
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A second m ix ture was p repared  with the same am oun t of 
diphenylam ine and trim ethy lphosphate. This was refluxed for 3 
hours to yield a  p roduc t with 2 arom atic m ethy l groups for every 
aromatic hydrogen. As there are 10 available positions on the ring 
systems the com position is approxim ately tha t of JV^methyl, 
hexamethyl diphenylam ine.
5.22 Calculations, derivations and assumptions 
Thermodvnamic calculations
General assum ptions m ade in  these calculations were tha t 
the entropy and  the enthalpy of the reaction did no t vary with 
tem perature. The entropies of m any com pounds are known to 
increase w ith tem pera tu re. These increases can m ainly be 
a ttribu ted  to the increased im portance of bond vibrations. 
Assuming tha t the increases in en tropy on the reac tan t and 
produc t side are the same then  the entropy changes with 
tem pera tu re will approxim ately cancel.
N-H bond energy
From the oxidation po tential of dipheny lam ine
AH for the addition of a  hydrogen atom  to an  arninyl radical 
was estim a ted from  the redox po tential of dipheny lam ine which 
has been m easured a t  1.008V IW. Assuming th a t the  oxidized form  
of dipheny lam ine was tetrapheny lhyd razine then  the following N- 
H bond energy was calculated.
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ArgN—NArz + 2H+ + 2e ' ------------ ► SArgNH E°=1.008V
Scission of N-N bond
2 Ar^ N- + Hz /y /  N-H bond
Formation of atomic.
Hydrogen
2 ArgN' + 2H*
As the overall reac tion is a two electron process, AH for the 
overall reaction = 1.008V * eV * N * 2 = 46.5 kcal m ohi 
The reduction of a pair of pro tons to a molecule of hydrogen is 0 
kcal mol"i by definition.
The scission of the N-N bond in  tetrapheny lhydrazine has been 
m easured a t 29.2 kcal mol‘i lOi.
The formation of 2 moles of atomic hydrogen from  molecular 
hydrogen = 2*52.1 kcal mol-i.
The streng th of the N-H bond in dipheny lam ine is therefore;
(29.2 + 2*52.1 + 46.5) /  2 = 89.95 kcal m ol'l.
From bond energies of similar compounds
Compound N-H/kcal m o l'i Compound N-H/kcal m ol'l
HzN-H 107.4 (Ph)HN-H 8 8
(Me)HN-H 100 (Ph)(Me)N-H 87.5
(Ph)HN-H 8 8  (Ph)2N-H ?
Plot N-H bond energies for the m onosubstituted amines against 
bond energies for ^^substituted anilines and ex trapolate for 
dipheny lam ine. (N-H bond  energies from  ref. 102)
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•o0)
87.0
86.0
80 90 100 110
N-H bond energy of 
m o n o s u b s t i t u t e d  a m i n e s  
kcal /  mol
G raph  5.5
Plot of N-H bond energy for m onosubstituted amines 
against the N-H bond energy for N-substituted anilines .
From graph 5.3 the N-H bond energy for dipheny lam ine was 
estim ated to be 86.7 kcal mol l.
Thermodynamics of the addition of a  m ethyl radical to benzene 
Benzene, AHf = 19.8 kcal mol‘1, S9= 64.3 cal m opi deg~i 162 
Methyl radical AHf = 34.9 kcal m ol'l 167, gO= 46.43 cal m opl deg-l 
83
Addition of a  hyd rogen a tom  to benzene releases 28 kcal m opl 85, 
the average C-C bond is approxim ately 16 kcal mol’l weaker than  
the average C-H bond 163. Therefore the energy released by the 
addition of a  m e thy l radical to the  aromatic ring is approximately 
12  kcal m ol-l.
Assuming th a t the in term edia te  radical has the same en tropy as 
toluene then  S^for the interm edia te = 76.4 cal mol"l deg-i 163.
AS for the overall process is -34.73 cal mol"i deg l.
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Energy released bv the addition of a m e thy l radical to an  am invl 
radical
All bond  energies are from  ref. 103
Me* + N -R
H
Me
N -R
Bonds form ed Bonds broken
5* C-C 5*83 Aromatic sys 6*124
C-N -> C=N 147-73
2* C=C 2*146
to tal 781 744
Energy released by this process is approxim ately = 781-744 = 37
kcal mol-l
Energy released for the rearrangem en t of the imine
All bond  energies are from  ref, 103 unless otherwise sta ted.: N -R O Me HN -R
Bonds formed 
N-H
Ar system
Total
88
6*124
832 kcal
Bonds broken 
C-H 
4* C-C 
2* C=C 
C=N->C-N
7 5 .7 5  104 
4*83 
2*146 
147-73 
774 kcal
C-H was assum ed to be the same as the (C=C)2CH-H
For the rearrangem en t the energy released was es tim a ted to be
around  832-774 = 58 kcal mol-l
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Thermodynamics of the abstraction of an aromatic hydrogen by a
hydrogen atom
CqHq + H < > CgHg* + H2
The arom atic system used for these calculations was benzene. 
Benzene, AHf = 19,8 kcal mol‘i,SO= 64.3 cal m obi deg"i i 02 
H, AHf =52.1 kcal m ol-l, S0= 27.4 cal mol-l deg-l 105 
Phenyl radical, AHf =78.5 kcal mol-l,SO= 69.1 cal m obl deg-l 83 
H2 , AHf = 0 kcal m ol-l, S0= 31.2 cal m obl deg-l 105 
For the oyeraU process, AH= 6.6 kcal m obl, AS= -8.6 cal m obl deg- 
1
The forw ard and  reyerse reac tion are bimolecular therefore 
changes in pressure will effect bo th  processes equally. At lOOOK 
AG = -2 kcal =-RTlnK, therefore K= 2.7, i.e the ra te  of the forward 
reac tion is 2.7* m ore rap id  than  the reyerse.
Thermodynam ics of the abstraction of an aromatic hydrogen by a 
Methyl radical
CgHg + Me* <—> CgHg* + MeH
The arom atic system  used for these calculations was benzene. 
Benzene, AHf = 19.8 kcal m obl, S0= 64.3 cal m obl deg-l 102 
M ethyl radical AHf = 34.9 kcal mobl 107, $0= 46,43 cal m obl deg-l 
83
Phenyl radical, AHf = 78.5 kcal m o b i,S O =  69.1 cal m o b l deg-l 83 
M ethane, AHf = -17.9 kcal m o b l ,  S0= 44.5 cal m o b l deg-l 102 
For the oyerall process, AH = 5.9 kcal m o b l ,  AS= -2.87 cal m o b l  
deg-l
The forw ard and  reyerse reac tion are bim olecular therefore 
changes in  p ressure will effect bo th  processes equally. At lOOOK
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AG = 3,0 kcal mol-l =~RTkiK, therefore K= 0.22, i.e the ra te  of the 
reverse reaction is 4.6* more rapid  than the forward.
Thermodynamic calculations for tlie N-ethyl system a t lOOOK 
The combination of aminyl radical with ethyl radicals
ArgN* + 'CHg—CHg -----► ArgN-CHg-CHg
Heat of form ation of the N-C bond was assumed to be the same as 
the activation energy for N-C cleavage. From FVP results AH== 
55kcal m ol-l.
The value of AS for the recom bination was assum ed to be the 
same as the change in en tropy for the recom bination of a  pheny l 
radical with an ethy l radical to form  ethylbenzene. 
so for the pheny l radical was 69.1 cal mol-l deg-l a t 298K83, 
so for the ethy l radical was 59.0 cal mol l deg l a t 298K 83. 
so for ethy lbenzene was 86.2 cal mol-l deg-l a t 2 9 8 K162.
AS for the reac tion was 42 cal mol-l deg l.
AG a t lOOOK, = AH-TAS
= -55*103 + 42*1000= -13 kcal m ol-l.
D isproportionation between the am inyl radical and  the  ethyl 
radical
ArgN' + *CH2—CHg ------ ► ArgNH + CHg^CHg
T rea tm ent of this problem  was in  two stages. Stage one was the
decomposition of an  ethy l radical to ethy lene and  a hydrogen
atom. This reaction has been studied.
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'CHg— CHg --------► CHgZ^CHg + H*
AH for this reaction was m easured at 38.6 kcal mol-i 86 .
The second process is the combination of a hydrogen atom 
w ith the aminyl radical. The energy released will be the  same as 
the N-H bond energy in diphenylam ine.
ArgN* + H* ---------► ArgNH
Entropy effects due to N-H bond ro tations are zero, the change in 
the overall mass is small and  changes in  the m om en t of inertia are 
also negligible, therefore the change in  en tropy on going from  the 
am inyl radical to dipheny lam ine were assum ed to be zero.
For the ethyl radical, AHf = +25.3 kcal mol-l 83, s^= 59.0 cal mol-l 
deg-l a t 298K83.
For ethylene, AHf = +12.5 kcal mol-l, S°= 52.4 cal mol-l deg-l a t 
298K.
AS for the disproportionation reac tion was calculated to be - 6 .6  
cal mol-l deg-l.
Assuming tha t the N-H bond  = 8 8  kcal then  a t lOOOK, AG = AH-TAS 
= -49.4*103 + 6.6*1000= -42.8 kcal m ol-l.
Combination of two ethy l radicals
2  'CHg— CH3 ----------- ► CH3— CH2—CHg—CH3
For the ethy l radical, AHf = +28.3 kcal mol-l 107, go= 5 9 .0  cal mol-l 
deg-l a t 298K83.
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For butane, AHf = -29.8 kcal m obl, So= 74.1 cal m obl deg-l a t 298K
102.
AH for the overall process = -86.4 kcal.
AS for the overall process = -43.9 cal.
At a lOOOK, AG=AH-TAS = -86.4 + 43.9*1000 = -42.5 kcal m obl. 
Disproportionation between two ethyl radicals
2  'CHg— CHg  ► CHg— CH3 +  C H 2 = C H 2
For the ethy l radical, AHf = +28.3 kcal m obl ilO, go= 5 9 .0  cal m obl 
deg-l a t 298K83.
For the ethane, AHf = -20.2 kcal m obl, So= 54.8 cal m obl deg l a t 
298K102.
For the ethylene, AHf = +12.5 kcal m obl, go= 5 2 .4  cal m obl deg l a t 
298K102.
AH for the overall process = -61.3 kcal.
AS for the overall process = -10.8 cal.
AG for the overall process a t lOOOK = AH-TAS = -61.3 + 10.8*1000 
= -50.5 kcal.
p-Hvdrogen elimination 
?
H - y - C — H H H
^  ^ Af2NH + ^C=C^
Ar*" "h
AH was estim a ted from  the bonds which w ere broken and  those 
which were form ed.
Bonds broken
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N-C, AH = + 53kcal m obl (From FVP results)
C-H, AH = +99kcal mobl 103 
Bonds formed 
C=C, AH = -63kcal m obl 103 
N-H, AH= -8 8 kcal m obl (mean of bo th methods)
AH for the overall reac tion is approximately + lkcal m obl 
AS was assum ed to be the same as the decomposition of 
ethylbenzene to ethy lene and benzene, AS for this reaction is 30.5 
cal mol-l deg-l.
For the overall reac tion a t lOOOK AG = +1*103- 30.5*1000= -29.5 
kcal m ol-l.
Kinetics of a m odel ethy l radical system
‘CHg— CH3 , n- H + CHg^CHg
1iiThe ethy l radical decomposes to give ethy lene and a hydrogen |Iatom, it was therefore assumed that [H] = [C2 H4 ]. j
The rate of the decomposition at lOOOK = [Ef] * 2.9*105 87 j
Rate of formation at 1000K= [H] * [C2 H4] * 2 .7 * 1 0 1 0  87 |
= [H] 2 *2.7*1010.
The [gas]= [H] + [C2 H4 ] + BET] = 2M + M  => [gas] - 2[H] = [Et-] i
At 760 Torr and 273K,1 mole of gas occupies 22.4 dm3. -
At 1 Torr and lOOOK, 1 mole gas occupies 6.24*10^ dm3, hence |
concentration of gas = 1 /vol =1.6*10-5 mol dm-3. I
[gas] = P * 1.6*10-5.
At equilibrium, [Eti] * 2.9*105 = [H] * [C2 H4] * 2.7*1010
=> p r ]  = [H] * [C2H4 ] * 9.3*104 ;
therefore [Gas] - 2 [H] = [U]2 9.3*104 I
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=> |H]2 9.3*104+ 2[H] - [Gas] = 0
-2  + V4-4*9.3*104*-[Gas1 P J  -  2*9.3*104
From this the [H] could be calculated a t any pressure and 
therefore the [Ef]. The concen tration of bu ty l radicals was 
calculated from [Er] and the [C2 H4 ], a t equilibrium [Bu*] * 2.12*10^ 
is approxim ately = [Er]*[C2H4]*1.56*10^. Rate of form ation of 
bu tene [Bu*]*l*10^. If the con tac t time is approxim ately 2 ms then  
the am oun t of bu tene formed = [Bu*]*l*10^*2*10"3.
bond energies 
C2H5-OH 94 kcal mol-l 95
C2H5OH -> CHsCH-OH + H 
AHf kcal mol-l -56.2102 -> -15.295  + 5 2 .1 1 0 5 aH = 93.1
C2%  -> C2H5'  + H
AHf kcal mol-l -20.2102  -> 28106 + 52.1105 => AH = 100.3
C2H5* -> C2H4 + H 
AHf kcal mol-l 2 8 1 0 6  -> 1 2 .5 ™  + 52.1™  => AH = 36.6
36.6 kcal = Energy required to cleave C-H bond + energy given ou t 
in  the formation of C=C bond => C-H bond = 36.6 + 63103= 99.6 
For the decomposition of the ethy l radical the C-H bond energy is 
approxim ately the same as the  C-H bond energy of ethane. 
Assuming tha t the bond energies are  approxim ately the  same in 
the radicals as they are in  the com pounds from  which they are 
derived then  the C-H and  the C-O bonds are approxim ately 6 kcal 
mol weaker than the C-H bond  h i the ethy l radical.
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tCinerirs of a model bromoethyl radical system 
Tem pera ture of m odel system was 600°C. At 1 Torr the 
concen tration of gas is 1.837*10-5 mol dm-5. [gas] = P * 1.837*10-5. 
The 2-bromoethyl radical decomposes to give ethy lene and a 
bromine atom, therefore assumed tha t [Br] = [C2H4].
The rate of the decomposition a t 873K = [Br-CH2Œ 2*] * 1.4*101087 
Rate of form ation a t 873K= [Br] * [C2H4] * 5.9*10H 87 
= [Br]2* 2.7*1011.
The lgas]= [Br] + [C2H4] + [Br-CH2CH2‘] ->  2 M  + [Br-CH2a Î 2’] => feas]
- 2[H] = [Br-CH2CH2']
At equilibrium , [Br-CH2Œ 2'] * 1.4*1010 = [H] * [C2H4] * 5.9*10H 
=> [Et] = [H] * [C2H4] * 42 
therefore [Gas] - 2[H] = [H]2 42 
= >  [EQ2 *42 + 2[H] - [Gas] = 0
-2 + V4-4*42*-[Gas! tHJ -  2*42
From this the  [Br] could be calculated a t any pressure and 
therefore the [Br-CH2Œ 2'].
Thermodynamics of p-bromine elimination
AS for the process was assum ed to be the same as for the p- 
hydrogen elimination = 30.5 cal m obl deg l.
For AH the N-Br bond energy is required. Nitrogen and  brom ine 
have approxim a tely the same electronegativity, therefore the 
electron cloud in the N-Br bond  wül be relatively undistorted. This 
leads to the N-Br bond  energy having the average energy of the 
N-N bond  and  the Br-Br bond. The N-N bond in 
tetrapheny lhyd razine is 29.2 kcal m obl lOl, the Br-Br bond
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energy is 46.2 kcal mol-l, therefore the streng th of the N-Br bond 
in N-bromodiphenylamine is approximately 38 kcal mol l.
The energy released during the p-bromine elim ination will
be the sum of the bonds broken and the bonds formed.
Bonds formed Bonds broken
N-Br 38* C-N 53**
G=C 63 ™  C-Br 6 6 ™
Total 101 kcal 119 kcal
* Estimated bond energy
** Experimentally determ ined
For the overall process AH= 18 kcal mol-l.
I
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Chapter 6 
Conclusions
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6.1 Effects of para substituents upon values for diary lam ine 
antioxidants
The ra te constants, k^, a t which alkyl radicals abstrac t the 
am inyl hydrogen from 4,4 '-disubstituted diphenylam ines were 
m easured using the neophy l radical rearrangem en t, kji was 
m easured a t three differen t tem peratures to give the activation 
energy and  tlie pre-exponen tial factor. The results of these 
experim en ts are shown in the table below.
k i - i*  1 0 “ 8 M “l  s ' l
Log( A / Ea Kcal
Amine kn373K  kH353K kH333K M 'ls 'l ) mol“l
OMe 34 23 4.1 13.2 11.5
+/-1.5 +Z- 1.8
Me 23 8.7 3.6 12.8 11
+/-2.2 +Z-3.6
H 13 6 .8 4.2 11.5 9.2
+/-1.9 +Z-3.1
Br 8 .8 5.0 2.2 12.3 1 0 .8
+Z-2 .2 +Z“3.4
Naug 23 6 .8 4.2 12.3 12.3
43 8 L +Z-2.5 +Z-4.3
ki-j/kf)
4.4
T able 6,1 
Radical clock results for 
diary lam ine antioxidants
At 353K, log (kf-i/k^ j^i) was found to correla te well with op+ 
values77 (kOj  ^ is the ra te  a t which the neophy l radical abstracts 
hyd rogen from  diphenylam ine). The susceptibility p was found to
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be -0.49. Increasing the  tem perature had the effect of increasing 
the m agnitude of p, when was calculated from the results 
shown in table 6 .1 .
X
6 -,
Q Log k(H) peroxyl radicals 338K  
♦  Log k(H) alkyl radicals 353K
4 -
1 10
Sigma +
G raph 6.1
Hammett plo t comparing the trapping of alkyl 
and  peroxyl radicals with amine antioxidants
The correla tion with op+ indicated tha t in  the transition state 
the re  was some charge separation with the nitrogen developing a 
partial positive charge which was stabilised by electron releasing 
substituents.
R\N—H + *C—R
Ar R"
Ar
Ar
R'\  Ô+ # IÔ-JVyJmiHii j-jutHiiiQ----
R"
A r\ + H—C—R 
R"Ar'
Schem e 6.1 
Abstraction of the aminyl hydrogen 
by an alkyl radical
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A ttempts were m ade to find a correlation w ith a  • values for 
the substituents i iO, i i l . This would link the ra te  cons tan t kn w ith 
radical stability. However no correlation was found indicating tha t 
polar effects were far m ore im portant.
The neophy l radical was expected to be slightly nucleophilic 
in  na tu re and would therefore be attracted to regions of low 
electron density. The experimental results indica ted tha t the 
neophy l radical was being attracted to aminyl hydrogens w ith a 
high electron density, bu t the results ob tained with phenolic 
an tioxidan ts gave the opposite result, in tha t the neophy l radical 
was being a ttrac ted  to a  phenolic hydrogen with a  low electron 
density.
A possible explanation for this observation involves the 
streng th  of the N-H dipole. In diarylamines the N-H bond 
na tu rally forms a  dipole. The nitrogen is an  electronegative atom  
and  so is able to a ttrac t electron density away from  the hydrogen 
leaving the nitrogen w ith a partial negative charge and the 
hyd rogen with a partial positive charge. The hyd rogen would then  
be na tu rally attractive to nucleophilic radicals. The presence of 
functional groups on the aromatic rings of dipheny lam ine would 
affect the electron distribu tion. This effect decreases w ith distance 
from  the functional group, therefore the nitrogen, being directly 
a ttached to the arom atic rings, will be m ore affected by the 
functional groups than  the aminyl hydrogen. The presence of 
electron withdrawing groups such as the b rom ine atom  will 
preferen tially rem ove electron density away from  the nitrogen. 
This has the effect of decreasing the streng th  N-H dipole, making 
the am inyl hydrogen less attractive to the neophy l radical.
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The results ob tained for the abstraction of the aminyl 
hydrogen by peroxyl radicals also gives a correlation with op+, the 
suscep tibility p = -1.6. The peroxyl radical is known to be 
electrophhic in na tu re and so is attracted to regions of high 
electron density. The increase in the m agnitude of the 
suscep tibility can be a ttribu ted  to the electronegativity of the 
elem en t on which the radical is cen tred. The oxygen is more 
electronegative than  carbon, hence m  the transition state it is able 
to induce a  large am oun t am o tm t of charge separation with the 
oxygen taking on a partial negative charge.
The correlation with op+ m eans tha t the ra te  constan ts, k^, 
can be predic ted  for o the r para-substituted diarylamines, 
assuming op+ is known.
6.2 Comparison of kg^with the industrial screening test results 
for diary lam ine an tioxidan ts.
Using the  results ob tained from  the kinetic studies, amines 
w ith p ara  substituents with low op+ were expected to be the best 
antioxidants. For ERCOT's ru n  in  PAO this appeared to be true. In 
this basestock 4,4'-dim ethoxydipheny lam ine was the best 
an tioxidan t. However in  NS150, 4,4'-dim ethy ldipheny lam ine was 
found to be m ore effective. The results of the DSC's ru n  in  NS150 
gave sim ilar results, in  tha t the 4 ,4’-dim ethy ldipheny lam ine was a  
m ore effective an tioxidan t in  NS150 than  the 4,4’-dimethoxy 
derivative. However, the difference between the two was no t 
large.
A Hamm ett plo t derived from  the results of the ERCOT*s n m  
in  NS150 gave a good correla tion with a'=  (oj + 0.92*0^)58, with 
the suscep tibility p’ = -1.2. This result can be used for predictive
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purposes, assurtiing tha t a\ and Op are known for the para 
substituents. This result would be limited to ERCOTs run  in  NS150, 
since, as already detennined, the 4,4’-dimethoxydiphenylamine 
was a more effective an tioxidan t in PAO.
6.3 Deductions abou t optimum high tem perature diarylam ine 
antioxidants
At high tem pera tu res radical propagation involving alkyl 
radicals becomes m ore im portan t and therefore a  high 
tem pera tu re an tioxidan t package should be able to inhibit radical 
propagation by bo th  alkyl and peroxyl radicals.
The rates a t which 4,4’-disubstituted diarylamines trap  bo th  
the neophy l and peroxyl radical^fSZ were found to correlate w ith 
op+ values for the para  substituents. The susceptibility was 
negative for bo th  the neophy l and peroxyl radicals, therefore the 
m ost efficient high tem pera tu re an tioxidan t would presum ably be 
the  ones with low op+ values for the para  substituents. Industrial 
screening tests carried ou t in  paraffinic basestocks agreed w ith 
this result, the best an tioxidan t was found to be the one w ith the  
lowest ap+ value.
However ERGOT and DSC results from  experiments ru n  in  the 
NS150 basestock did  n o t correlate with the kinetic studies. From 
these experim en ts the m ost effective 4 ,4 '-d isubstitu ted 
diary lam ine an tioxidan t was the 4,4'-dim ethy l derivative.
A possible reason for these differences is th a t the 
diarylarnine an tioxidan ts are able to inhibit au toxidation by a 
catalytic inhibitory cycle. The cycle depicted in  scheme 6.2 was 
cons truc ted from  reac tions tha t the  am ines or their derivatives 
are known to undergo. U nder these conditions the m ost effective
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aimne antioxidant would be the  one which is able to go through 
the catalytic inhibitory cycle the quickest, which is no t necessarily 
the diarylamine which is able to donate its aminyl hydrogen the 
most rapidly.
ROO* ,C = 0
\ R* ROO'ROOM
S chem e 6.2 
Catalytic inhibitory cycle 
of am ine antioxidants
However the amines can be converted to inert com pounds if 
the diary l-nitroxide reacts w ith a  peroxyl radical. The produc t of 
this reaction are an alcohol and iS/^phenyl-o or p- 
benzoquinoneimine-iV-oxide, which is unable to inhibit radical 
propagation reactions. Ot
ROO-----
H
+ ROH
ROO' +
S chem e 6.3 
Reaction of a  peroxyl radical 
w ith a  nitroxide
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For effective long lasting pro tection against radical 
propagation the amine should be pro tected against conversion to 
the JV-phenyl-o or p-benzoquinoneimine-N~oxide. This is possible 
by placing bulky groups in  the m eta  positions, sterically 
hindering attack a t the ortho and para positions, placing inert 
functional groups in the ortho  and para  positions or using N~ 
alkylamines w ithou t any p-hydrogens. Any loss of activity can be 
m ade up for by increasing the concen tration of the antioxidant.
The presence of a  strong acid opens up the possibility of 
o ther catalytic cycles involving acid hydrolysis of the various 
in term ediates form ed by combinations of the aminyl w ith peroxyl 
radicals. Such a situation probably existed with the ERCOT's and 
DSC’s run  in the NS150 basestock.
ROO* ROOH ROO*
ArgNH ^ ArgN*  ^  ArgNOOR
Schem e 6 .4
Catalytic inhibitory cycle of amine 
an tioxidan ts in presence of acid
If the catalytic cycle depicted in scheme 6.4 is occuring, then the 
presence of the strong acid inhibits the reaction which forms the 
hydroxy lam ine and  hence the nitroxide. Again the best amine 
antioxLdant will be the one which goes through the catalytic 
inhibitory cycle the m ost rapidly, which in NS150 was found to be 
the 4,4 '-dim ethy l derivative.
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The m ost effective high tem perature amine an tioxidan t 
should be the one which is able to go through the various catalytic 
inhibitory cycles the quickest w ithou t being consumed.
6.4 Effects of para- substituents upon kg  for 2.6-di-t-buty l- 
phenols.
The ra te  constants, kn, a t which alkyl radicals abs trac t the 
phenohc hydrogen from  2,6“di-t-buty l-4-substituted phenols 
were m easured using the neophy l radical rearrangem en t, k^ was 
m easured a t th ree differen t tem pera tu res to give the activation 
energy and the pre-exponen tial factor. The results of these 
experim ents are shown in  the table 6 .2 .
kj-j*10"^ M”i s"i
Log (A/M- Ea Kcal
kH 393K kH 373K kn353K 1 s“i) m o fi
OMe 13 6.7 21 10.4 9.4
Me 6.3 3.5 2.4 8.5 6 .6
H 7.9 4.8 2.4 9.5 8.3
Br 58 16 4.9 15.2 17
W z 700 300 170 12 .1 9.6
T ab le  6.2 
Radical clock results for 
phenolic antioxidants
From the results shown in table 6.2, phenols w ith electron 
withdrawing substituents in  the para position were the m ost 
effective a t trapping the neophy l radical.
At 393K, log (k ii/k% ) was found to correla te with a o ' 
values82 which were equal to  (aj + 0.5*Or) from  which p’ = 2.5 was
213
ob tained. Increasing the tem pera tu re appeared to have little 
effect upon the susceptibility.
7
6
5
4
- 0.2 0.0 0.2 0 .4 0.6 0.6
s igm a (1+0.5R)
G raph  6.3
Hamm ett type plo t for %  at 3 9 3 K^2
Attempts were m ade to find  a correla tion with a  * values for 
the substituents! 10,111. This would link the ra te  constan t k |i with 
radical stability. However no correlation was found indicating tha t 
polar effects were far m ore im portan t.
For the abstraction of hydrogen from  antioxidants based on 
2,6-di-t-buty l-4-substituted phenols by the neophy l radical, 
electric field effects appeared  to play a  m ore im portan t role than  
resonance stabiüsation. The positive gradien t and the high value 
of the susceptibility also im ply tha t in  the transition sta te there is 
substan tial charge separa tion with the phenolic oxygen taking on a 
partial negative charge, which was stabilised by electron 
withdrawing groups. This is fu rthe r enhanced if the neophy l 
radical is sHghtly nucleophihc in na tu re. The phenol naturally 
forms a dipole w ith the hyd rogen having a  partial positive charge,
i.e. it is a region of low elec tron density  and  therefore attractive to
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alkyl radicals. The phenolic hydrogen also sits between two t- 
butyl groups, which are regions of high electron density. The 
placem en t of electron withdrawing substituents in  the para  
position will preferen tially remove electron density  away from 
the phenolic hydrogen, in comparison to the t-butyl groups, 
making it even m ore attractive to the neophy l radical.
For trapping peroxyl radicals, 2 ,6-di-t-butyl-4-substituted 
phenols with electron releasing substituents in the p ara  position 
were found to be the m ost effective. Hammett plots derived from 
the attack of a peroxyl radical derived from  ethy lbenzene a t 333K 
give a good correlation with op+ values for the electrical effects of 
the functional groups, the susceptibility p was m easured a t -1.3. A 
similar correlation was found with the text -butylperoxyl radical 
a t 237K63, with p= -0.85.
Sigma  +
G raph  6 .4
Hammett plo t for the trapping of peroxyl radicals based on 
ethy lbenzene by p ara  substituted DBPh a t 333K
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The differences in the susceptibility can be a ttribu ted  to the 
electronegativity of the element on which the radical is centred. 
The oxygen is more electronegative than carbon, hence in the 
transition state it is able to induce a partial positive charge onto 
the phenolic oxygen, whereas in the case of the abstraction by 
alkyl radicals the phenolic oxygen takes on a partial negative 
charge.
6.5 Deductions abou t optim um high tem perature phenolic 
antioxidants
In high tem pera ture au toxidations the propagation by alkyl 
radicals becomes m ore im portan t. At these high tem pera tu res a 
chain inhibiting an tioxidan t system m ust be able to trap  alkyl 
radicals. It is un likely tha t an efficient agent for trapping alkyl 
radicals will be able to trap  every one, the rem ainder are likely to 
reac t with oxygen to give peroxyl radicals. Hence it is probably 
necessary to include an efficient peroxyl radical trap  as well. The 
best phenohc an tioxidan ts for trapping peroxyl radicals were 
those with electron releasing substituents in  the para  position 
whereas for trapping alkyl radicals electron withdrawing 
substituents in this position were m ore effective.
For high tem perature apphcations a pair of phenohc 
an tioxidan ts would probably be the m ost effective. One with an 
electron releasing substituent for trapping peroxyl radicals and 
the o the r with electron withdrawing substituents for the trapping 
of alkyl radicals.
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6 .6  Deductions abou t the radical clock rearrangem en t as a 
po tential screening test
The radical clock experiments identified tha t the hindered 
phenolic antioxidants with electron withdrawing substituents in 
the para position were the most efficient a t trapping alkyl 
radicals. Although this needs confirming by fu rthe r 
experim en tation, this result would have been missed by the 
conventional screening tests. Therefore the radical clock 
rearrangem en t would make a useful con tribu tion to the 
identification of po tentially useful antioxidants.
The m ajor problem  experienced with the neophy l radical 
rearrangem en t was the disproportionation reaction. This can be 
a ttribu ted  to the way in  which the neophyl radical was generated. 
The radicals were form ed in pairs in  close proximity to each o ther 
therefore disproportiona tion was likely especially if the radical 
pair occupy a solvent cage.
To overcome this problem  the alkyl radicals need  to be 
form ed individually. This can be achieved by the abstraction of a  
halogen by a tin  centred  radical. An alternative would be to use an 
alkyl radical which will no t undergo the disproportionation 
reaction, b u t which rearranges a t abou t the same ra te  as the 
neophy l radical. A possible candidate is the cyclobutylcarbinyl 
rearrangem en t. Because there are no benzy l hydrogens in  this 
system radical disproportionation should be less im portan t.
^  BrSnRg — Q _ _ / \ / %•SnR3
Schem e 6.5 
cyclobutylcarbinyl rearrangem en t
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6.7 Slow release an tioxidan ts
Of the original slow release agen ts discussed in section 5.2 
only the N-alkylated am ines w arran ted  serious investiga tion. The 
results of these experim en ts are shown in table 6.3.
R Log (A S"l) Ea kcal Max Ph2NH
Me 13.8 53.3 34
Et 14.7 54.6 79
Bun 16.4 63.9 77
Hexn 1 1 .6 42.9 45
CH2CH2OH 10 .1 36.6 1 0
N-Pri 1 0 .0 33 8 8
CH2CH2Br 8.3 2 2 .1 0
Ph2NCH2 Î2 — - 0
Table 6.3
FVP results
The m ajor p ro d u c t form ed w hen m ost of the  JV-alkylated 
am ines were therm ally decom posed was dipheny lam ine. This can 
be form ed by b o th  p-hydrogen elim ina tion and  a free rad ical 
process. There was evidence th a t they decom posed by hom olytic 
scission of the N-C bond to give an  am iny l and  alkyl radical. The 
produc ts  derived were then  determ ined  by how these radicals 
behaved. The therm al stability would depend on the streng th  of 
the N-C bond, which in tu rn  is generally d ep en d an t upon  the 
stability of the radicals produced. The higher the stability of the 
rad ica l p ro d u c ts , the  m ore read ily  th e  s ta r tin g  m a te r ia l 
decomposed.
The p-hydrogen elimination would only form dipheny lam ine 
and  an  alkene. However if radical reac tion were occuring along
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side then radicals can add onto the alkene which wül then  rapidly 
fragm en t forming ethylene, methyl radicals and hydrogen atoms. 
Therefore in the FVP evidence for p-hydrogen ehm ination would 
be easily erased.
In the panel coker test the stability of the com pounds was 
found to be dependan t upon how m uch steric hindrance could be 
offered by the APalkyl group, indicating tha t the decomposition of 
the iV-alkylated dipheny lam ines was in itia ted  by a reac tion with 
the basestock or with products derived from  the oxidation of the 
basestock.
ERGOT'S ru n  with the slow release agents in  NS150 a t 165^0 
showed signs of appreciable decomposition after around 2 0  hours, 
bu t in thermolysis experim en ts were showing no sign of 
decomposition a t 250^0. This again indicates tha t the 
decomposition was occuring by a  differen t mechanism  to the 
thermolysis experiments.
It is known th a t te rtiary am ines reac t with hydrogen 
peroxide to form  JV-oxides. iV-Oxides readily decompose via p 
hydrogen elim ination to give hydroxylam ines and an a lk e n e 7 4 ,7 5 .  
This reaction has been used for producing alkenes u nder mild 
conditions and is commonly known as the Cope reaction.
?■ArgN-CHg-CHg-R + ROOM------------ArgN-CHg-CHg-R + ROM
O- > - R
ArgN—CHg  ArgNOH + CH g=C H -R
S c h e m e  6 .6
Low tem pera tu re decom position 
of te r t-  am ines
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A similar reaction may be occuring in the ERGOT and panel 
coker test. A lthough direct evidence was lacking, the fact tha t 
large iV-alkyl groups on the nitrogen slowed down the ra te of 
decomposition indicated that attack on the nitrogen was im portan t 
in  initiating the decomposition.
The active antioxidant derived from this reaction would be 
the hydroxylamine, which can readily donate its hydroxyl 
hydrogen to bo th alkyl and  peroxyl radicals. This gives the 
nitroxide, which as already shown in scheme 6.3, can be converted 
to inert com pounds by the action of the peroxyl radicals on the 
aromatic rings.
To inhibit this the peroxyl radicals need to be preven ted 
from  in teracting with the arom atic system. This can be achieved 
by steric h indrance o r by placing inert groups in  the ortho  and 
para  positions.
The usefu l lifetime of an oil is between 5000 and  10000 
miles, this corresponds to around 100 to 200 hours of driving. For 
a slow release agen t to be of any use it should release its 
an tioxidan ts over a similar time period. In the ERGOT test these 
com pounds were showing evidence of appreciable decomposition 
after 20 hours. Possible ways of slowing down the decom position 
are to use alkyl groups with no p-hydrogens or to use very large 
alkyl groups which wül h inder the attack upon the nitrogen.
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